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(57) Abstract: Methods and reagents for die formation of amide bonds between an activated carboxylic acid derivative and an azide 
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formation of a phosphinothioester which reacts with an azide resulting in amide formation. The invention provides phosphinothiol 
Q reagents which convert activated carboxylic acid derivatives to phosphinothioesters which then react with azide s to form an amide 
^ bond. The methods and reagents of the invention can be used for stepwise synthesis of peptides on solid supports or for the ligation 
^ to two or more amino acids, two or more peptide or two or more protein fragments. 
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LIGATION METHOD AND REAGENTS TO FORM AN AMIDE BOND 

BACKGROUND OF THE INVENTION 
[0001] This invention is in the field of peptide chemistry, in particular relating to methods 

for fonning amide bonds useful in the synthesis of peptides and proteins and also in the 

synthesis of derivatized peptides or proteins. 

[0002] New methods are facilitating the total chemical synthesis of proteins. For historical 
references, see: Merrifield, IL B. Science 1984, 232, 341-347; Kent, S. B. Anna. Rev. 
Biochem. 1988, 57, 957-989; Kaiser, E. T. Acc. Chem. Res. 1989, 22, 47-54. In particular, 
Kent and others have developed an elegant means to stitch together two unprotected peptides 
in aqueous solution called '^native chemical ligation." Dawson, P. E.; Muir, T. W.; Clark- 
Lewis, L; Kent, S. B. Science 1994, 266, 776-779. For important precedents, see: Wieland, 
T.; Bokelmann, E.; Bauer, L.; Lang, H. U.; Lau, EL Liebigs Ann. Chem. 1953, 583, 129-149; 
Kemp, D. S.; Galakatos, N. G. J. Org. Chem. 1986, 51, 1821-1829. For reviews, see: Muir, 
T. W.; Dawson, P. E.; Kent, S. B. H. Methods Enzymol. 1997, 289, 266-298; Wilken, J.; 
Kent, S. B. H. Curr. Opin. BiotechnoL 1998, 9, 412-426; Kochendoerfer, G. G.; Kent, S. B. 
H. Curr. Opin. Chem. Biol. 1999, 3, 665-671; Tarn, LP.: Yu Q.; Miao, Z. Biopolymers 1999, 
51, 311-332; Dawson, P.E.; Kent, S.B.H. Annu. Rev. Biochem. 2000, 69, 923-960; Borgia, 
LA.; Fields, GJ3. Trends BiotechnoL 2000, 18, 243-251. 

[0003 J In native chemical ligation the thiolate of an ^terminal cysteine residue in one 
peptide attacks the carbon of a C-terminal thioester in another peptide to produce, ultimately, 
an amide bond between the two peptides (Scheme 1). This ligation method was discovered 
when the reaction of ValSPh and CysOH in aqueous buffer was shown to yield the dipeptide: 
ValCysOH (Wieland et al., 1953). 

[0004] Recently, Muir and others have expanded the utility of native chemical ligation by 
demonstrating that the thioester fragment can be produced readily with recombinant DNA 
(rDNA) techniques. Muir, T. W.; Sondhi, D.; Cole, P. A. Proc Natl. Acad ScL U.SjL 1998, 
9, 6705-6710; Evans, Jr., T. C; Benner, J.; Xu, M. -Q. Protein Sci. 1998, 7, 2256-2264; 
Ayers, B.; Blaschke, U. K.; Camarero, J. A; Cotton, G. J.; Holford, M.; Muir, T. W. 
Biopolymers 2000, 51, 343-354. For reviews, see: Holford, M.; Muir, T. W. Structure 1998, 
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15, 951-956; Cotton, G. J.; Muir, T. W. Chem. Biol 1999, 6, R247-41256; Evans, Jr., T. C.; 
Xu, M -Q. Biopotymers 2000, 57, 333-342. This extension of "native chemical ligation" has 
been designated "expressed protein ligation." 

Scheme 1 



| H 2 N^ V peptide ff 
peptide^^SR peptide^^S 

HaN^^peptide 



^SH 

peptlde^N^peptide 
H 



5 [0005] Though powerful, native chemical Ugation has a serious limitation. The method has 
an absolute reliance on the formation of a peptide bond to a cysteine residue. Creating a 
linkage at a natural Xaa-Cys bond is not always possible, as cysteine comprises only 1.7% of 
the residues in globular proteins (McCaldon, P.; Argos, P. Proteins 1988, 4, 99-122). Modern 
peptide synthesis is typically limited to peptides of < 50 residues (Dawson et aL, 1994; 
10 Wieland et al., 1953; Kemp et aL, 1986; Muir et al, 1997; Wilken et aL, 1986; Kochendoerfer 
et al., 1999; Tarn et al., 1999; Dawson et aL, 2000; Borgia et al., 2000). Hence, most proteins 
cannot be prepared by a method that requires peptides to be coupled only at a cysteine 
residue. 
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[0006] Furthermore, installing an extra cysteine residue is often undesirable. Cysteine is by 
far the most reactive residue towards disulfide bonds, 0 2 (g), and other electrophiles 
(Schneider, C. H.; de Week, A. L. Biochim. Biophys. Acta 1965, 168, 27-35; Raines, R. T. 
Nature Struct. Biol 1997 r , 4, 424-427). In addition, the sulfhydryl group of cysteine can 
5 suffer ^-elimination to form dehydroalanine, which can undergo further reaction (Friedman, 
M. Adv. Exp. Med. Biol 1999, 459, 145-159). Elimination of the cysteine limitation by 
applying a more general ligation technology would greatly expand the utility of total protein 
synthesis. 

[0007] Offer and Dawson have recently described a peptide ligation method that does not 
10 require the presence of cysteine. (Offer, J.; Dawson, P. B. Org. Lett. 2000, 2, 23-26). hi their 
method, a peptide bond is formed from a thioester and an o-mercaptobenzylamine. Though 
effective, this method necessarily leaves o-mercq)tobenzylamine in the ligation product. 

[0008] In the well-known Staudinger reaction a phosphine is used to reduce an azide to an 
amine: 

15 PR 3 +NjR' + 1^0 0=PR 3 + H 2 NR' + N 2 (g). 

(Staudinger, EL; Meyer, J. Hetv. Chim. Acta 1919, 2, 635-646. For reviews, see: Gololobov, 
Yu. G.; Zhmurova, L N.; Kasukhin, L. F. Tetrahedron 1981, 37, 437-472; Gololobov, Yu. 
G.; Kasukhin, L. F. Tetrahedron 1992, 48, 1353-1406). The intermediate in the reaction is 
an iminophosphorane (R" 3 P + -~NR) > which has a nucleophilic nitrogen. 

20 [0009] Vilarassa and others have shown that the nitrogen of the iminophosphorane can be 
acylated, both in intermodular and intramolecular reactions, which have been designated 
"Staudinger ligations" as exemplified in reactions 1 and 2 in Scheme 2. For examples, see: 
Garcia, J.; Urpi, F.; Vilarrasa, J. Tetrahedron Lett. 1984, 25, 4841-4844; Garcia, J.; 
Vilarrasa, J. Tetrahedron Lett. 1986, 27, 639-640; Urpf, F.; Vilarrasa, J. Tetrahedron Lett. 

25 1986, 27, 4623-4624; Bosch, L; Romea, P.; Urpi, F.;Vilarrasa, J. Tetrahedron Lett. 1993, 34, 
4671^674; Inazu, T.; Kobayashi, KL SynletL 1993, 869-870; Molina, P.; Vilaplana, M. J. 
SynthesisStuttgart 1994, 1 197-1218; Bosch, L; Urpi, F.; Vilarrasa, J. J. Chenu Soc, Chem. 
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Commun. 1995, 91-92; Shalev, D. E.;Chiacchiera, S. M.; Radkowsky, A- E.; Kosower, E. M. 
/ Org. Chan. 1996, 61, 1689-1701; Bosch, L; Gonzalez, A.; Urpi, R; Vilarrasa, J. J. Org. 
Chem. 1996, 61, 5638-5643; Maunier, V.; Boullanger, P.; Lafont, D. J. Carbohydr. Res. 
1997, 16, 231-235; Afonso, C. A M. Synthetic Commun. 1998, 28, 261-276; Tang, Z.; 
5 Pelletier, J. C. Tetrahedron Lett. 1998, 39, 4773-4776; Ariza X.; Urpi, F.; VUadomat, C; 
Vilarrasa J. Tetrahedron Lett. 1998, 39, 9101-9102; Mizuno, M.; Muramoto, L; Kobayashi, 
K.; Yaginuma, H.; Inazu, T. Synthesis-Stuttgart 1999, 162-165; Mizuno, M.; Haneda, K.; 
Iguchi, R.; Muramoto, L; Kawakami, T.; Aimoto, S.; Yamamoto, K.; Inazu, T. J. Am. Chem. 
Soc. 1999, 121, 284-290; Boullanger P.; Maunier, V.; Lafont, D. Carbohydr. Res. 2000, 524, 
10 97-106; Velasco, M. D.; Molina, P.; Fresneda, P. M; Sanz, M A Tetrahedron 2000, 56; 

4079-4084; Malkinson, J. P.; Falconer, R. A; Tom, L J. Org. Chem. 2000, 65, 5249-5252. 

[00010] Saxon and Bertozzi have reported that the phosphine can also serve as the acyl 
donor as illustrated in Scheme 2, reaction 3. Saxon, E.; Bertozzi, C. R. Science 2000, 287, 
2007-2010. 

Scheme 2 

Vilarrasa and others (many examples in the 1980's and 1990's) 
O 

II + N 3 -R + PR» 3 + H z O 



N 3 . R A X + PR "3 + "2O 




Saxon and Bertozzi (Science 2000, 287, 2007) 
O 



OO 




H 
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[0001 1] Recently, Saxon et al. have reported a modification of the Staudinger ligation to 
form an amide from an azide using a phosphine reagent (Saxon, E.; Armstrong, J. L; 
Bertozzi, C. TL Org. Zetf.2000, 2, 2141-2143.) The phosphine reagents: 




when reacted with an azidonucleoside are reported to result in the formation of an amide by 
5 acyl group transfer. The ligation is called "traceless" because no portion of the phosphine 
reagent other than the acyl group remains in the product The authors also report that the 
reaction of the phosphinothioester: 




with the same azidonucleoside results initially in aza-ylide hydrolysis rather than acyl 
10 transfer. The observation of amide products after several days is characterized as the 

probable result of reaction of amine hydrolysis products with the thioester. The authors 
indicate that the phosphinothioester employed is not "amenable" to the reaction. 



SUMMARY OF THE INVENTION 
[00012] The invention in general provides a method and reagents for the formation of amide 

1 S bonds between a phosphinothioester and an azide, as illustrated in Scheme 3 . The reaction 
allows formation of an amide bond between a wide variety of chemical species (illustrated in 
Scheme 3 as R p and R 8 ). Of particular interest are those reactions in which the moieties 
ligated are amino acids, peptides or protein fragments. In a specific embodiment this 
invention provides a method and reagents for peptide ligation that eliminates the need for a 

20 cysteine residue and leaves no residual atoms in the ligated peptide product (i.e., is traceless). 
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Scheme 3 
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[00013] A phosphinothioester useful in this Hgation can be generated in a number of ways. 
As illustrated in Scheme 3, an activated carboxylic acid derivative, e.g., a thioester or a N- 
acyisulfonamide, can be converted into a phosphinothioester. Any method known in the art 
5 for forming a phoshinothioester can in general be used This invention provides an efficient 
method for generating phosphinothioesters, particularly those of amino acids, peptides and 
protein fragments using a phosphinothiol reagent This reagent can be used to generate the 
desire phosphinothioester from activated carboxylic acid derivatives (e.g., thioesters or 
activated sulfemyl groups) or from a carboxylic acid by conventional coupling reactions 
1 0 mediated by dicyclohexylcarbodiimide or a similar coupling. 

[00014] A phosphinothioester useful in the ligation reaction of this invention can also be 
generated from a peptide or protein fragment that is attached to a resin at its C-terminus. For 
example, a peptide or protein fragment can be released from a resin by reaction with a 
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phosphinothiol reagent of this invention to generate a phosphinothioester. A peptide or 
protein fragment can be synthesized on an appropriate resin using known methods of solid 
state peptide synthesis, e.g., Fmoc-based methods. The peptide or protein fragment 
synthesized on the resin can then be released by reaction with a phoshinothiol to generate a 
5 phosphinothioester which then can be ligated with an azide to form an amide bond In this 
aspect of the invention, any resin known in the art to be appropriate for peptide synthesis and 
that is compatible for reaction with a phosphinothiol to generate a phosphinotbiol ester can be 
employed in this invention. Resins known in the art as "safety-catch 7 ' resins are of particular 
interest See: Backes, B.J.; Ellman, J A. /. Org. Chenu 2000, 64, 2322-2330. 

10 [00015] The R p and R B moieties that are ligated can be any of a wide variety of chemical 

moieties that are compatible with the reaction conditions and which do not undergo undesired 
reaction with each other or with other functional groups, e.g., in Rj_ 2 or X in the 
phosphinothioester. The X moiety and R, and ^ groups in Scheme 3 derive from the 
phosphinothiol reagent and are selected to facilitate the formation of the amide as described 

15 below. 

[00016] R p and R B include moieties selected from the group consisting of aliphatic, 
heteroaliphatic, alicyclic, heteroalicyclic, aromatic, and hetero aromatic any of which can be 
substituted with one or more halides (particularly F or CI), OH, OR, COH, COR, COOH, 
COOR, CONH, CONR or N(R')2 groups where R, independent of other R, is an aliphatic, 

20 heteroaliphatic, alicyclic, heteroalicyclic, aromatic or heteroaromatic group and each R', 
independent of other R', are selected from the group hydrogen, aliphatic, heteroaliphatic, 
alicyclic, heteroalicyclic, aromatic or heteroaromatic groups. R and R' can, in turn, be 
optionally substituted as listed above. In particular, in R p and/ or R B which contain aliphatic 
and/or alicyclic portions, one or more non-neighboring CHj groups can be replaced with O, 

25 S, CO, COO, NCR^ or CONR', where R' is as defined above. Any reactive functional group 
of the R p or R B group can be protected from undesired reaction by use of a protecting group 
(Pr). 
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[00017] In specific embodiments, R p and R B are amino acids, peptides, or proteins. Hie 
phospinothioester group may be formed, for example, at the carboxy terminus (C-tenninus) 
of a peptide or protein or at an acid side group of one or more amino acids in a peptide or 
protein. The azido group may be formed, for example, at the amino terminus (N-terminus) of 
5 a peptide or protein or at a basic side group of one or more amino acids in a peptide or 
protein. The ligation method can be used to ligate two or more amino acids, two or more 
peptides or two or more proteins. Multiple cycles of ligation can be employed, for example, 
for solid state synthesis of a peptide from component amino acids. Multiple cycles of ligation 
can be employed to join two or more smaller peptides to form a largo: peptide. The peptides 
10 joined may be obtained by solid state synthetic methods, from natural sources or by 
recombinant methods. 

[0001 8] The method of this invention is particularly useful, for example, for the synthesis of 
peptides and proteins as illustrated in Scheme 4, where in the amino acid moieties ligated 
together R M and R* 2 , independent of other each other, are aliphatic, heteroaliphatic, 
1 S alicyclic, heteroalicyclic, aromatic, or hetero aromatic any of which can be substituted as 

noted above. The method of this invention can be used to ligate connatural amino acids as 
well as natural amino acids enriched in particular isotopes, such as those enriched with l3 C 
and 15 N isotopes. 

[00019] The method of this invention can also be employed to ligate one or more amino acids 
20 carrying an electrophilic side group, such as an alkyl halide or an epoxide, to each other or to 
incorporate one or more amino acids with electrophilic side groups into peptides and/or 
proteins. The method of this invention can also be employed to ligate two or more (J-amino 
acids to each other, to ligate one or more {J-amino acids to a-amino acids or incorporate one 
or more p-amino acids into peptides and/or proteins. 

25 [00020] In particular, R* 1 and R* 2 groups include any side group of an acidic, basic, nonpolar 
or polar amino acid. R A1 and R* 2 include side chains or side groups of the 20 common a- 
amino acids, as well as, side groups of uncommon amino acids (e.g., homoserine) found in 
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proteins and side groups of other biologically active amino acids (e.g., ornithine or citrulline). 
Hie product containing the amide bond in the reaction illustrated in Scheme 4 is a dipeptide. 

Scheme 4 



i 1 ff 

Pr-NH-CH — C — Y 



Pr-NH-CH 



Pr-NH-CH 



F# 1 O 
II 

0— N 



f 2 



HS— X— P^ 

R 2 

Phosphlnothiol reagent 



H_s-x-< R1 

R 2 



-N 2 
+ H 2 0 



-,A2 _ 



H — CH — C— Pr* 



HS- 



[00021] Additional amino acids can be joined to the peptide product illustrated in Scheme 4 
5 by (1) addition of an azido group at the N-tenninus of the peptide and reacting the azido- 
peptide with another phosphinothioester of an amino acid (or of a peptide) or (2) by 
formation of a phosphinothioester at the C-terminus of the peptide and subsequent reaction of 
the phosphinothioester formed with an azido acid (or an N-terminal azido peptide). A 
phosphinothiol reagent of this invention can be used to generate the phosphinothioester. 
10 These steps are illustrated in Schemes. Repeated cycles of steps land/or 2 can be used to 
generate longer peptides. 
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[00022] The method of this invention can also be employed for the synthesis of larger 
peptides or proteins by ligating two or more smaller peptides (typically less than 50 amino 
acids long) or to the synthesis of a protein by ligation of two or more peptides or proteins. In 
Ms method, the two or more peptides or proteins (which may be the same or different) to be 
5 ligated can be synthesized by conventional solid phase methods, e.g., Fmoc-based methods, 
obtained from natural sources, or obtained by recombinant methods. One of the two peptides 
or proteins to be ligated is derivatized with a phosphinothioester group at its C-tenninus and 
the N-terminus is protected with an appropriate protecting group. The other of the two 
peptides or proteins to be ligated is derivatized with an azido acid group at its N-terminus and 

10 is protected with an appropriate protecting group. The peptide phosphinothioester can, for 
example, be generated from a resin bound peptide or protein fragment using a 
phosphinothiol reagent of this invention or by reaction (transesterification or coupling 
reaction) of a peptide thioester with the phosphinothiol reagent. The peptide 
phosphinothioester is then reacted with the azido peptide accompanied by hydrolysis and loss 

15 of nitrogen to generate an amide bond ligating the two peptides. The ligation reaction may be 
conducted in an organic solvent containing sufficient water to facilitate hydrolysis and amide 
generation, e.g., a mixture of THF and water. Alternatively, the reaction of the 
phosphinothioester and the azide can be initiated in an organic solvent (in which both 
reactants are soluble) and water can added subsequently for hydrolysis and amdie bond 

20 formation. 

[00023] In certain embodiments the ligation is implemented using solid phase techniques. 
Specifically, a first peptide attached to a resin is reacted with a phosphinothiol reagent of this 
invention to release the first peptide and form a phosphinothioester at the C-terminus of the 
first peptide. A second peptide attached to a resin at its C-terminus is derivatized with an 

25 azide group at its N-terminal amino acid. The first peptide after release from the resin is 

reacted with the resin-bound second peptide accompanied by hydrolysis and loss of nitrogen 
to generate an amide bond ligating the two peptides. The ligated peptide remains attached to 
the resin. The first peptide can be formed by conventional solid state methods. The second 
peptide can also be formed by conventional solid-phase synthetic methods in which an azido 

3 0 acid is the last monomer added to the peptide chain or the azido group is generated in situ 
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from the amino group of the last amino acid. The ligated peptide (ox protein) can be 
depiotected and, if desired, cleaved from the resin by conventional methods. Alternatively, 
additional cycles of N-terminal deprotection, N-tenninal azido acid formation and reaction 
with a phosphinothio ester peptide can be performed to generate longer peptides and proteins. 

5 [00024] The ligation method of this invention can be combined with known variants of solid 
phase peptide synthesis. For example, the ligation methods of this invention can be employd 
in the synthesis of multiple anitgenic peptides (MAPs) which employ a lysine-based 
branching core. See: Tarn, J*P ., Proa Natl. Acad Sci. USA. 1988 85, 5409-5413. 

[00025] In another specific embodiment, one of R p or R B (of Scheme 3) is a peptide or 
10 protein group and the other is a carbohydrate group. For example, R B can be a mono-, di-, tri- 
or polysaccharide, hi another specific embodiment, one of R p or R B is a peptide or protein 
group and the other is a nucleoside or nucleic acid. In another embodiment, one of R p or R B 
is a peptide or protein group and the other is a lipid. In yet another specific embodiment, one 
of R p or R B is a peptide or protein group and the other is a reporter group, tag or label (e.g., a 
1 5 group whose presence can be detected by optical spectroscopy or mass spectrometry or other 
instrumental method), including a fluorescent or phosphorescent group, an i so topic label or a 
radiolabeL 

[00026] The method of this invention is generally useful for intercepting: i.e., reacting with, 
20 any thioester intermediate in a biosynthetic pathway. In this regard, the method can be used 
simply to identify, tag and/or label such intermediates for identification or used to synthesize 
unique products through amide bond formation. The method can, for example, be used to 
intercept thioester intermediates in polyketide biosynthesis. The resulting coupling product 
can be tested for biological activity or used in the further synthesis of biologically active 
25 products, e.g., polyketides altered in structure and possibly altered in function from naturally- 
occurring polyketides. 

[00027] The method of this invention in any of its embodiments can be implemented using 
solid phase methods. Either the phoshinothioester reactant or the azide reactant can be 
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attached to a solid support material with the reactive end free. Areactantbound to asolid 
support having a reactive phosphinothioester group can be ligated to a free azide (i.e., where 
the azide reactant is not ligated to a solid support). A reactant bound to a solid support 
having a reactive azide group can be ligated to a free phosphinothioester. The method can be 
5 generally used to form an amide bond between two biological molecules, i.e., between two 
peptides, between a peptide and a caibohydrate (saccharide, sugar, etc.), between a peptide 
and a nucleoside, between a peptide and a lipid, etc. More specifically the method can be 
applied to a ligation where one of the biological molecules is attached to a solid support (or 
resin). A phosphinothioester peptide reactant attached to a solid support via its N-terminus 
10 can be generated, for example, by coupling of the C-terminus of the attached peptide to a 
phosphinothiol using a coupling reagent such as DCC, benzotriazole- 1 -yl-oxy-tris- 
pyrrohdino-phosphonium hexafluorophosphate (PyBOP). A resin-bound peptide with an 
azide group at its N-terminus can be generated by reaction of trifyl azide or similar reagent 

[00028] The ligation method of this invention can be employed in the creation of 
IS combinatorial libraries of peptides, proteins or various chemical species containing an amide 
bond. The ligation method of this invention can also be used in combination with methods of 
native chemical ligation for the formation of peptide and protein products of interest 

[00029] Most generally, the invention provides for the reaction of a phosphinothioester and 
an azide. In specific embodiments, the phosphinothioester can be prepared employing a 
20 phosphinothiol reagent Novel phosphinothiol useful as reagents in the reactions of this 
invention are provided. 

[00030] The invention also provides reagent kits for forming an amide bond between a 
phosphinothioester and an azide which comprises one or more of the phosphinothiol reagents 
of this invention and particularly those of the various formulas described herein. In addition 
25 the kits can contain reagents for forming an azide. The kits also optionally include resin or 
other solid phase materials that are appropriate for conducting the ligation of this invention 
using solid phase methods. The kit may also include a reagent for generating a thioester, 
which would later be converted to a phosphinothioester. The kit may also optionally include 

13 



WO 01/87920 



PCT/US01/15440 



solvent or other reagents for carrying out the ligation, as well as instructions for conducting 
the reaction, and/or instructions for selection of a phosphinothiol reagent for a desired 
ligation. 

[0003 1] In a specific embodiment the invention provides a kit for synthesis of peptides or 
5 proteins which comprises one or more of the phosphinothiol reagents of this invention. The 
kit may optionally further contain one or more amino acid side chain protecting group, one or 
more reagents for generating a thioester of an amino acid or peptide, or one or more reagents 
for generating an azido acid of an amino acid or peptide. The kit may also contain one or 
more amino acids, amino acid thioesters or azido acids. The kits also optionally include 

10 resin or other solid phase materials that are appropriate for conducting the ligation of this 
invention using solid phase method. The kit may also optionally include solvent or other 
reagents for carrying out the ligation, as well as instructions for carrying out the synthesis, 
and/or instructions for selection of a phosphinothiol reagent for a desired ligation. Reagent 
kits of tins invention include those which comprise one or more 2-phosphinobenzenethiols or 

15 one or more phosphinomethanethiols. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[00032] Fig. 1 is an illustration of the application of the ligation method of this invention to 
protein synthesis. 

DETAILED DESCRIPTION OF THE INVENTION 
20 [00033] In the method of this invention, an amide bond is formed between a 

phosphinothioester and an azide. The reaction is traceless in that no atoms of the reagent are 
lest in the Hgated product The reaction is useful in a number of applications for 
derivatization of amino acids, peptides, or proteins, for ligation of various biological 
molecules (e.g., peptides to saccharides, peptides to lipids, peptides to peptides, peptides to 
25 nucleosides or nucleic acids etc.) and particularly for the synthesis of peptide, and proteins. 

[00034] Although not wishing to be bound by any particular mechanism, a likely mechanism 
for this reaction is illustrated in Scheme 6. The ligation begins by coupling of a 
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phosphinothioester with an azide leading to the formation of a reactive iminophosphorane 
and nitrogen gas. Attack of the iminophosphorane nitrogen on the thioester leads to an 
amidophosphonium salt Hydrolysis of the amidophosphonium salt produces an amide and a 
phosphine oxide. Significantly, no atoms from the phosphinothiol remain in the amide 
5 product; i.e., the ligation is traceless. Scheme 6 illustrates the formation of the 

phosphinothioester by transesterification from a thioester, however, other methods are 
available for making useful phosphinothioesters. Most generally, the phosphinothioester can 
be formed by reaction of a phosphinothiol reagent with an activated carboxylic acid 
derivative. An "activated" carboxylic acid derivative is activated for nulceophilic attack, as is 
10 understood in the art, and is exemplified by thioesters, acyl halides, acyi imidazoles, activated 
esters, and N-acyisulfonamides (used in certain safety-catch linkers). 

[00035] The ligation reactions of tins invention are exemplified by the specific reactions of 
Scheme 7 and 8 which employ an o-phosphinobenzenethiol (RjR^PC^-o-SH), specifically 
o-(diphen>dphosphino)benzenethiol (2) and a phosphinomethanethiol (^R^-CHj-SH), 
15 specifically (diphenylphosphino)methanetbiol 20, respectively, as phosphinothiol reagents. 

[00036] The o-phosphinobenzenethiol was first selected as a reagent, because it allows a six- 
membered ring to form in the transition state for acyl transfer (See: Scheme 6). Moreover, 
R l R 2 PC 6 H 4 -o-SH does not allow for the formation of an episulfide and a stable 
amidophosphine (^I^NR'CXOJR") by C-P bond cleavage in the amidophosphonium salt, as 

20 would a thiol such as R 1 R 2 PCH 2 CH 2 SIL Further, thiophenol itself is known to effect the 
transthioesterification of thioesters during native chemical ligation (Dawson, P. E.; 
Churchill, M; Ghadiri, M. R.; Kent, S. G.TLJ.Am. Chem. Soc. 1997, 119, 4325-4329). The 
R groups on the phosphorous (Rj and RJ were selected to be electron-withdrawing phenyl 
groups which make the phosphorus less nucleophilic and thereby minimize the susceptibility 

25 of the phosphine to deleterious oxidation by 0 2 (g). 
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Scheme 6 




[00037] In the transformation illustrated in Scheme 7, the peptide AcPheGlyNHBn (5, 
where R is benzyl(Bn)) was synthesized from a phenylalanyl thioester(l, where R is Bn) and 
a glycyl azide (4) by the action of o-(diphenylphosphino)benzenethiol (2). o 
(Diphenylphosphino)benzenethiol (2) was prepared by reaction of chlorodiphenylphosphine 
and ortholithiated thiophenol, as described by Block, E.; Ofori-Okai, G.; Zubieta, J. J. Am. 
Chenu Soc. 1989, 777, 2327-2329.) Thioester 3 (where R is Bn) was prepared in quantitative 
yield by the transthioesterification of thioester (1, where R is Bn) with an excess of 
phosphinobenzenethiol 2 in DMF containing diisopropylethylamine (DIEA). Phosphines are 
remarkable catalysts of acyl transfer reactions . Vedejs, E.; Diver, S.T. /. Am. Chem. Soc. 
1993, 775, 3358-3359. Hence, thioester 3 (where R is Bn) likely results from the formation 
of an acylphosphonium salt (Ph 2 P + (C 6 H 4 -o-SH)C(0)R), followed by intramolecular P- to S- 
acyl migration. 
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[00038] Excess thiol was removed by covalent immobilization to a Memfield resin 
(cMoromelhylpolystyrene^vinjdbenzene). Azide 4 (1 equivalent) was added to a solution of 
thioester 3 (where R is Bn) in unbuffered THF:H 2 0 (3:1), and the resulting solution was 
stirred at room temperature for 12 h. Hie reaction was then acidified by the addition of 2 N 
5 HQ, and solvents were removed under reduced pressure. Chromatography on silica gel gives 
purified amide 5 (where R is Bn) in 35% yield. The other major product was GlyNHBn, 
which can derive from the Staudinger reaction (Staudinger et al., 1919). Results of reactions 
of Scheme 7 where R is H are given in Table 1. 

[00039] Alternative solvent conditions were also explored to determine their effect on the 
10 coupling efficiency of thioester 3 and azide 4. The reaction was performed in THF:H20 (3:1) 
buffered at pH 2, 4, 8, and 13.5. The reaction was also performed in methylene chloride or 
dimethyl formamide, followed by acidic aqueous workup. Product yields under these 
conditions were similar to those in unbuffered THF:H 2 0 (3 : 1). The ligation was also 
effective for coupling azide 4 with the o-phosphinobenzenethioester of N-acetyl glycine R = 
15 H in Scheme 7). 

[00040] Amide 5 could have been formed by a mechanism other than that illustrated in 
Scheme 6. Specifically, the amide product of the ligation could have, in theory, arisen from 
the reduction of the azide followed by acyl transfer to the resulting amine. This mechanism 
was ruled out (at least as a major pathway) by a control experiment in which thioester 3 and 
20 authentic GlyNHBn was mixed under conditions (reactant concentration, solvent, temperature 
and time) identical to those used to effect the ligation of thioester 3 and glycl azide 4. No 
evidence of the formation of amide 5 was observed. 

[00041] Phosphinothiol 2 has attributes sufficient to effect the ligation of this invention. 
Yields of the reaction using this phosphinothiol reagent were low which maybe the result of 
25 the low water solubility of phosphinothiol 2. Yields may be improved by optimization of 
solvent for the reaction or by use of reagents that have higher solubility in aqueous solution. 
The ligation with phosphinothiol 2 occurs through a transition state with a six-membered ring 
(Scheme 6). Reducing the size of tins ring in the transition state would bring the nucleophilic 
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imide nitrogen more proximal to the electrophilic thioester carbon and result in improved 
yields for the ligation products. 

[00042] The effect of a smaller ring transition state was assessed in the ligation reactions of 
Scheme 8 using the phosphinothiol 20 which should form a five-member ring transition state. 
Thioesters of 20 derived from AcOH, AcGlyOH, and AcPheOH were prepared by either 
transthioesterification or coupling with dicyclohexylcaibodiimide (DCC). After these 
reactions were complete by TLC analysis, Merrifield resin was used to immobilize unreacted 
phosphinothiol. After workup and chromatography, the purified thioesters were isolated in 
>90% yields. 

[00043] To effect the ligation, each thioester was stirred with N 3 C^(XO)NHBn (1 equiv) in 
THF/HjO (3:1) at room temperature for 12 hu Solvents were removed under reduced 
pressure, and the product amides were purified by chromatography. The yields of amide 
product obtained using phosphinothiol 20 are far greater than those obtained using 
phosphinothiol 2 (See: Table 1). AcGlyNHBn was obtained in 91% isolated yield with 20, 
compared to a trace yield with 2. AcGlyGlyNHBn was obtained in 80% yield using 20 , 
compared to 15% using 2. AcPheGlyNHBn was obtained in 92% yield with 20, compared to 
35% with 2. Table 1 summarizes yields for ligation using phosphinothiols 2 and 20. 

[00044] Another benefit of the use of phosphinothiol 20 is that the reagent can be 
regenerated from its phosphine oxide by reduction with an excess of trichlorosilane in 
chloroform. 
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Table 1 : Yields for ligations with Phosphinothiols 2 and 20 

phosphinothioester azide peptide 



AcS 




PPh 2 



Yield 

ro/ m 



O 



AcGlyNHBn 



70) 

<10 



AcS PPh 2 



"Of 1 



,Ph 



AcGlyNHBn 91 



AcGlyS^N^ 
PPh 2 



AcGIyS PPh 2 



H 

^Ph 



■or 



H 



AcGlyGlyNHBn 15 



AcGlyGlyNHBn 80 




PPhz 



■or 1 



H 

^Ph 



■Or 

o 



H 

^Ph 



AcPheGlyNHBn 35 



AcPheGlyNHBn 92 



AcPheS /X PPt* 

a Conditions: IHF/HjO (3:1); room temperature; 12h 
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[00045] The dramatic improvements in yield observed indicate that phosphinothiol 20 is a 
superior reagent for effecting the ligation of a thioester and azide to form an amide. In 
contrast, Bertozzi and coworkers (Saxon, E.; Armstrong, J. L; Bertozzi, C. R. Org. £e#.2000, 
2, 2141-2143) have assessed the ability of the oxo-analogs of phosphinothiols 2 and 20 to 
effect a Staudinger ligation. Surprisingly, they found that PhjPC^-o-OH gives a higher 
yield than does Ph^CBjOK The basis for the apparent antipodal reactivity of thioesters and 
esters is unclear. 

[00046] The high yields obtained with phosphinothiol 20 may result from the proximity of 
the nucleophile and electrophile in the reagent The key intermediate in the ligation is 
believed to be the iminophosphorane (Scheme 6). The transition state leading from the 
iminophosphorane of 20 to the amidophosphonium salt contains a 5-membered ring. Both the 
G-S and P-N bonds in this ring have significant double-bond character. Thus, the 
iminophosphorane can adopt relatively few conformations. In contrast, reaction of 
N 3 (CH2) l0 C(O)SPy and PBu 3 to form a lactam proceeds via a transition state with a 12- 
membered ring (Bosch, I; Romea, P; Urpi, F; Vilarassa, J. Tetrahedron Lett. 1993 34:4671- 
4674). The yield of this reaction is only 28%. 

[00047] Another factor that could contribute to the high yields obtained with phosphinothiol 
20 is a stable conformation that facilitates amide formation. Molecular mechanics 
calculations indicate that the iminophosphorane intermediate can adopt a 3-turn-like 
conformation. A p-tum is stabilized by an O-HN hydrogen bond that defines a 10- 
membered ring. The thioester, imide, and amide groups of the iminophosphorane are situated 
in positions that correspond to the three amide groups of a p-turn. In this conformation, the 
nucleophilic imide nitrogen is within 3.0 A of the electrophilic thioester carbon. Moreover, 
the O—HN hydrogen bond would polarize the thioester, malring its carbon even more 
electrophilic. Finally, the bulk of the two phenyl groups could accelerate acyl transfer by 
increasing the fraction of iminophosphorane in the P-turn-like conformation (For examples 
of the tf reactive rotamer effect* \ see: (a) Bnrice, T. C; Pandit, U. K. J. Am. Chem. Soa 1960, 
52, 5858-5865. (b) Jung, M. E.; Gervay, J. J. Am. Chem. Soa 1991, J 73, 224-232). This 



21 



WO 01787920 



PCT/US01/15440 



favorable conformation would be inaccessible during a ligation with 2, as well as in the 
ligation of a tbioester with a non-peptidyl azide. 

[00048] Phosphinothiol 20 has an additional intrinsic advantage over phosphinothiol 2. In 
general, aliphatic thiols (such as 20) have higher /?Ka values than do aromatic thiols (such as 
2). Because thioester hydrolysis rates correlate inversely with their thiol pKa values 
(Janssen, M J. The Chemistry of Carboxylic Acids and Esters; Patai, S., Ed; Ihterscience 
Publishers: New Yoric, 1969; pp 730-736), aliphatic thioesters have a longer half-life in 
aqueous solution. This long half-life is important, as the hydrolysis of the thioester, either 
before or after iminophosphorane formation, is likely to be a competing side reaction for the 
ligation. 

[00049] Thus, the choice of phosphinothiol reagent is an important aspect in effecting the 
ligation of a thioester and azide of this invention. A phosphinothiol useful in this invention 
has the general structure: 



where: 

n and m are 0 or integers equal to 1-3 inclusive and n + m = 0- 4; 
the dashed line indicates that a double bond may be present or that the bond may b e 
part of an aromatic group (R4, R$ and Rg are not present if there is a double bond 
between the carbons or the bond is a part of an aromatic ring, as indicated); 

R, and R^ are groups independently selected from aliphatic, alicyclic, heteroalicyclic, 
aromatic, or heteroaromatic groups which are optionally substituted, for example, 
with halides (particularly F or d), OH, OR, COH, COR, COOH, COOR, or N(R')2 
groups where R, independent of other R, is an aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic group and each R', independent of other R' are hydrogen, 
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aliphatic, alicyclic, heteroalicyclic, aromatic or heteroaromatic groups, R and R' can, 
in turn, be optionally substituted as listed above for R x andR 2 ; inR t and R^, one or 
more non-neighboring CH 2 groups can be replaced with O, S, CO, COO, or CONR', 
and R, and ^ together can form a ring which includes the P atom and 



Rj-Rs, independently, are selected from hydrogens, aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic groups which can be optionally substituted as listed above 
for Rj and R^ in R 3 -Rg one or more non-neighboring CHj groups can be replaced with 
0, S, CO, COO, or CONR' groups where each R', independent of other R' are 
hydrogen, aliphatic, alicyclic or aromatic groups which are optionally substituted as 
listed above forR, andR^ and two or more of R 3 -R« can be covalently linked to form 
a cyclic group, including a bicyclic group. 



[00050] K x and R 2 groups include among others alkyl groups, alkenyl groups, cyclic alkyl, 
cyclic alkenyl, bicyclic groups, aromatic groups, heteroaromatic group groups, ether groups, 
ester groups, amide groups, thioether groups, and ketone groups. 



[00051] It is preferred that R^R^ are not all hydrogens. It is also preferred that n + m is 0,1 
or 2. In specific embodiments, R 3 and R4 are both hydrogens and n and m are both zero. 



[00052] In specific embodiments, the phosphinothiol has the formula: 

P — C — SH 

where R, and R^ are aromatic or heteroaromatic groups that are optionally substituted as 
described above and R 3 and R4 are as defined above. R 3 and are preferably hydrogens. R, 
and R2 are preferably electron-withdrawing groups, including phenyl groups and substituted 
phenyl groups. One of R3 and or R4 and R^ maybe covalently linked to form a 
heteroaromatic ring which may be substituted with groups as listed above. 
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[00053] la other embodiments, the phosphinotbiol can have the formula: 



R3 




where Rj-R* are as defined above, R x and ^ and/or and Rj are optionally covalently 
linked to form a alicyclic or aromatic ring where the dashed line between carbons indicates an 
optional double bond or portion of an aromatic ring, R3 and are not present if there is a 
double bond between carbons as indicated. 

[00054] In another embodiment the phosphinotbiol has the structure: 



where R r R^ are as defined above and Rj -R^ or R4-R5, or Rj-R; R^Ry or R4-R5-R 7 are 
optionally covalently linked to form an alicyclic or aromatic ring. 

[00055] In further embodiments the phosphinothiol has the structure: 

SHJ \ 



where n and m are 0 or 1 , R x and R 2 are as defined above and X r X+ are substituents on the 
aromatic group, two of which may be covalently linked to form an alicyclic or aromatic ring, 
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X r X4 can be aliphatic, alicyclic or aromatic groups or can be halide, OH, OR , COR, COOH, 
COOR (where R is aliphatic, alicyclic or aromatic), or N(R02 groups where each R', 
independent of other R' are hydrogen, aliphatic, alicyclic or aromatic groups R and R' are 
optionally substituted as listed above for Rj and R^. 

[00056] In another embodiment the phosphinothiol has the structure: 




where R, and R^ are as defined above and M represents an alicyiic, including bicyclic, or 
aromatic, including hetero aromatic, ring; M can represent a phenyl ring, naphthalene (or other 
fused ring), a pyridine (or other heteroaromatic ring), or a cyclohexene (or other alicyclic 
ring) and R x and Rj are optionally covalently linked to form a ring containing phosphorous. 

[00057] Specific examples of this structure include: 




where Xj-OQ when present, are substituents on the heteroaromatic ring and can, 
independently, be selected from a hydrogen, a halide, an alkyl group, an aromatic group, an 
OR, COR or COOR group where R is a hydrogen, an aliphatic group, an alicyclic group, an 
aromatic group, a CONR' or Nflf^ group where each R\ independent of other R', can be 
hydrogen, or an aliphatic or aromatic group. 
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[00058] In additional specific embodiments, phosphinothiol reagents of this invention 



include: 




where R„ Rj, X,-^ are as defined above; and 



5 




X 2./ X 1 



X 10(X4) 

^fx 3 ) 



. SH 
f *2 



or 




where R t and R 2 areas defined above, the dashed line indicates an optional double bond and 
X r X 10 , when present, can be hydrogen, aliphatic, alicyclic or aromatic groups or can be 
halide, OH, OR , COR, COOH, COOR (where R is aliphatic, alicyclic or aromatic), CONR', 
or N(R')2 groups where each R', independent of other R' are hydrogen, aliphatic, alicyclic or 
10 aromatic groups R and R' are optionally substituted as listed above for R, and R^ substituents 
in parentheses are not present when the double bond is present 

[00059] R t and R^ groups in the phosphinothiol reagent are generally selected to avoid 
raising the free energy of the reaction transition state by avoiding unfavorable steric or 
electronic interactions and to provide solubility in both organic solvents (for their synthesis) 
1 5 and aqueous buffers (for applications). Polyethylene glycol groups can be used, for example, 
to impart solubility in both organic solvents and aqueous solutions. Exemplary R t and R^ 
groups include the polyether groups: 
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where p is 0 or an integer ranging from 1 to about 10, inclusive, preferably p is 1- 4, 
inclusive, and R is hydrogen or an alkyl group. Carbons in the polyether groups are 
optionally substituted with halides, or small alkyl groups. In specific embodiments, 
phosphinothiol reagents of this invention in which R x and are phenyl groups, these phenyl 
groups can be substituted with one or more polyether groups to enhance the solubility of the 
reagent in water. 

[00060] In other specific embodiments, reagents of this invention have the formulas: 




where pi and p2 are zero or integers ranging from 1 to about 10, inclusive, R is hydrogen or 
an alkyl group. The integers pi and p2 are preferably the same and preferably range from 1- 
4, inclusive. 

[00061] These phosphinate reagents are of particular interest as a water-soluble thiol reagent 
for use in ligations of this invention. This type of reagent can be synthesized via the 
phosphoramidite YG^N(jCJ3£) 9 which has been used previously to phosphoryiate alcohols 
(Perch, J.W.; and Johns, RB 1988 Synthesis-Stuttgart 2, 142-144). After the phosphoramidite 
is reacted with monoprotected tetra(ethyleneglycol), which is commercially available, the 
NCQft^ substituent is replaced with CI. Ortholithiation with thiophenol and depiotection 
affords the desired phosphinate: 
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OTBDMS, base 

Pa 2 (NBt2) 




3. PhSH, nBuIi HCX i(X J3i ^F^A. ^dt /\ 



In general, R t and groups containing polyether groups can be synthesized by method that 
are well known in the art from readily available starting materials. 

[00062] The reactivity of the phosphinothiol reagent can be adjusted by choice of 
substituents R, and R 2 , as is known in the art. In general, these groups are selected to obtain 
desired reactivity with a selected azide based, at least in part, on the electronic and steric 
properties of the azide and to minimize sensitivity of the reagent to oxygen. Reagents that are 
more sensitive to oxygen are, in general, more difficult to handle and require more care in use 
to avoid undesired levels of oxygen that can destroy or diminish the effectiveness of the 
reagent However, ligations with less reactive azide, such as azides of glycosides, can be 
significantly improved by use of more reactive phosphinothiol reagents. For example, the use 
of n-alkyi groups, such as n-butyl groups, for R, and R 2 groups can significantly increase 
reactivity of the reagent 



[00063] As an additional example, substitution of electron-donating groups (such as alkoxy 
groups in appropriate ring positions as is known in the art) or electron-withdrawing groups 
(such as N0 2 groups in appropriate ring positions as is known in the art, particularly p-NO^ 
on phenyl group substituents of the phosphinothiol reagents can be used to tune the reactivity 
of the reagents. Addition of electron-withdrawing groups will tend to decrease the reactivity 
and addition of electron-donating groups on phenyl substituents which tend to increase 
reagent reactivity. 

[00064] Phosphinothiol reagents useful in this invention can be prepared by methods well 
known in the art from readily available starting materials in view of the teachings herein. 
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Reagents of this invention can be provided in kit form optionally including solvents for a 
desired reaction, optionally including instructions for carrying out the reaction as well as 
optionally including one or more azide or thioester reactants. A kit can include reagents for 
generating thioester and/or azides. A reagent kit may also contain one or more reagent 
5 phosphinothiols that carry a labeling group a tag or a reporter molecule for coupling to an 
amino acid, peptide or protein. Reagent kits can include, for example, vials or other 
containers containing measured relative amounts of components for carrying out a selected 
reaction. The reagents can be packaged and sized for use in a single ligation reaction or 
packaged and sized for a stepwise synthesis ligating two or more amino acids, peptides or 
10 proteins fragments. 

[00065] The synthesis of the previously unknown phosphinothiols 20 is described below in 
Example 2 and illustrated in Scheme 9. Phenyl magnesium bromide was added to 
chloromethyl-phosphonic dichloride 23, and the resulting Grignard reaction refluxed for 12 h 
to give phosphine oxide 24. A mixture of 24 with thioacetic acid and triefhylamine in dry 

15 THF was heated at reflux for 12 h. (Lamoureux, G. V.; Whitesides, G. M. J. Org. Chem. 

1993, 58,633-641; Woycechowsky, JL J.; Wittrup, K. D.; Raines, R. T. Chem.Biol 1999, 6, 
871-879). After purification by flash chromatography and treatment with decolorizing 
charcoal, thiophosphine oxide 25 was isolated in a 54% combined yield for the two steps. An 
excess of trichlorosilane in chloroform for 72 h was used to reduce 25 to phosphinothioester 

20 26 which was isolated by flash chromatography in nearly quantitative yield. Hydrolysis of the 
phosphinothioester 26 (Charrier, C; Mathey, F. Tetrahedron Lett 1978, 27, 2407-2410) with 
sodium hydroxide in methanol for 2 h gave phosphinothiol 20. (Hydrolysis under acidic 
conditions was unsuccessful.) During this reaction, Ar(g) was bubbled through the reaction 
mixture to prevent oxidation of the resultant thiol. Phosphinothiol 20 was purified by 

25 chromatography over alumina and isolated in 74% yield. The overall yield for the process in 
Scheme 9 was 39%. 
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Scheme 9 
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[00066] The following terms have the indicated meaning in the specification and claims: 

[00067] The term aliphatic refers to hydrocarbons which are saturated or unsaturated 
(alkanes, alkenes, alkynes) and which may be straight-chain or branched Aliphatic groups 
can be optionally substituted with various substituents or functional groups, including among 
others halides, hydroxy groups, thiol groups, ester groups, ketone groups, caiboxylic acid 
groups, amines, and amides. A heteroaliphatic group is an aliphatic group that contains one 
or more non-carbon atoms in the hydrocarbon chain (e.g., one or more non-neighboring CH^ 
groups are replaced with O, S or NH). 

[00068] The term alicyclic refers to hydrocarbons that have one or more saturated or 
unsaturated rings (e.g., three to ten-membered rings) and which may be bicyclic. Alicyclic 
groups can include portions that are branched and/or straight-chain aliphatic in combination 
with cyclic hydrocarbon. Alicyclic groups can be substituted, as noted above for aliphatic 
groups. A heteroalicyclic group is an alicyclic group that contains one or more heteroatoms 
(non-carbon atoms) in the hydrocarbon chain, in a ring or in a straight-chain or branched 
aliphatic portion of the alicyclic group (e.g., one or more non-neighboring CH 2 groups can be 
replaced with O, S or NET). 
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[00069] The term aromatic refers to hydrocarbons that comprise one or more aromatic rings 
which may be fused rings (e.g., as in a naphthalene group). Aromatic groups can include 
portions that are branched and/or straight-chain aliphatic and/or alicyclic in combination with 
aromatic. 

5 [00070] Aromatic groups can be substituted, as noted above for aliphatic groups. A 
heteroaromatic group is an aromatic group that contains one or more hetero atoms (non- 
carbon atoms) in an aromatic ring (e.g., a pyridine ring). A CH in an aromatic ring can be 
replaced with O, S or N. In any alicyclic or aliphatic portion of an aromatic groups, one or 
more non-neighboring CH 2 groups can be replaced with a heteroatom (e.g., O, S, NH). 

10 [00071] Aliphatic, alicyclic, aromatic groups and the corresponding heteroatom-containing 
groups can also be substituted with functional groups as noted above. Aromatic rings can, for 
example, be substituted with electron-donating or electron withdrawing groups as may be 
desired Electron-donating and electron-withdrawing groups being well-known in the art 

[00072] Common Amino Acids are those 20 amino acids commonly found in naturally- 
15 occurring peptides and proteins and include: glycine, alanine, valine, leucine, isoleucine, 
methionine, proline, phenylalanine, tryptophan, serine, threonine, asparagine, glutamine, 
tyrosine, cysteine, lysine, arginine, histidine, aspartic acid, and glutamic acid. R A groups 
include, among others, side chains or side groups of common amino acids. 

[00073] Uncommon amino acids found in proteins include those with hydroxylated, 
20 alkylated, phosphorated, fonnyiated, and acyiated side groups and, in particular, include, 
among others, 4-hydroxyproline, 3-methyi histidine, 5-hydroxylysine, O-phosphoserine, 
carboxyglutamate, acetyllysine, and N-methylarginine. Amino acid derivatives having 
biological activity include, among others, a-aminobutyric acid, thyroxine, citrulline, 
ornithine, homocysteine, S-adenosyimethionine, P-cyanoalanine, and azaserine. R A groups 
25 can also include side groups or side chains of common and uncommon amino acids and side 
groups of biologically-active derivatives of amino acids which are substituted with one or 
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more halides, hydroxyls, alkyi groups, thiols, protected thiols, amino groups, protected amino 
groups, acetyl, ester or carboxylic acid groups. 

[00074] The method of this invention can also be employed to ligate two or more amino 
acids that cany electrophilic side groups, such as alkyi halide side groups or epoxide side 
5 groups together or incorporate one or more of these amino acids into a peptide or proteins. 
Incorporation of such amino acids is difficult with conventional peptide synthesis because of 
the need to remove Fmoc protecting group with a base (typically piperidine). The base can 
also act as a nucleophile, attacking the electrophilic side chain. For example, an amino acid 
with an electrophilic side chain could be made by adding an azido acid containing an 
10 electrophilic side chain as the final monomer to a synthetic peptide. Deprotection of that 
peptide and cleavage from the resin would yield an azido peptide carrying an electrophilic 
side chain which could then be ligated using the method of this invention to another peptide 
or protein carrying a phosphinothioester group. 

[00075] Amino acids that can be ligated by the method of this invention include those which 
15 are enriched in a particular isotope, e.g. 13 C or 15 N-enciicled amino acids. Isotopically 

enriched amino acids that can be employed include common or uncommon amino acids, p- 
amino acids and amino acids with electrophilic side groups. 

[00076] Amino acids commonly found in proteins and peptides are I^amino acids. The 
invention will however function with D-amino acids as well as peptides and proteins 

20 containing D-amino acids. Reactants comprising R A groups may be chiral nonracemic, 

racemic or achiral. For synthesis of desired peptides and/or proteins reactant of appropriate 
chirality can be readily selected and are readily available. Reactive functional groups on R A 
groups can be protected with appropriate protecting groups as is known in the art Protecting 
groups include among others acetyl groups, benzyl groups and other protecting groups, 

25 including those that are typically employed in art-known methods or peptide synthesis. One 
of ordinary skill in the art can select an art-known protecting group for use with a given 
functional group and a given set of reaction conditions. 
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[00077] Hie ligation as exemplified herein can be used to produce a peptide or a protein. 
Peptides can be synthesized as illustrated in Scheme 5 by repeated cycles of ligation to form 
amide bonds between amino acids, hi a specific embodiment peptide synthesis can be 
implemented using solid phase methods in which one of the amino acids is covalently 
5 atteched to a solid support or resin. A variety of resins are available in the art for use in 
combination with the ligation method of this invention. For example, Tentagel, PEGA, or 
other resins that are compatible for use in both organic and aqueous solvents are useful in 
combination with the ligation methods of this invention. 

[00078] Hie ligation method of this invention can be combined with conventional methods 
1 0 for sequentially adding amino acids to a growing peptide chain on a solid support or resin. 

For example, conventional Fmoc-chemistry can be combined with one or more ligation steps 
which employ the phosphinothioester and azide reactants of this invention. In a specific 
example, one or more p-amino acids or one or more amino acids having electrophilic side 
groups can be introduced into a peptide chain that is being synthesized by conventional 
1 5 methods (e.g., Fmoc-based chemistry) using the ligation method of this invention. 

[00079] Fig. 1 illustrates an exemplary approach for protein assembly employing the ligation 
method of this invention in combination with solid state methods. In this approach a first 
peptide 100 is attached via its C-terminus to a resin 101 via a thioester linkage. The first 
peptide is protected at its N-terminus with an appropriate protecting group. This first peptide 
20 can be synthesized, for example, by conventional solid-state peptide synthesis methods, e.g., 
Fmoc-methods. The bound first peptide (100) is reacted with a phosphinothiol reagent 102, 
such as 2 or 20, which release the N-tenninal protected peptide from the resin as a 
phoshinothioester 104. 

[00080] A second peptide 105 attached to a resin 101 f at its C-terminus and having an 
25 unprotected NH 2 at its N-terminus (after deprotection) is reacted with an azido acid 106 to 
form a resin-bound peptide 107 with an azide group at its N-terminus. The azido-N- 
terminated peptide 107 is then reacted with the unbound N-tenninal protected 
phosphinothioester 104 accompanied by hydrolysis and loss of nitrogen to form an amide 
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bond which ligates the first and second peptides 108. The ligated peptide remains linked to 
die resin. 

[00081] Additional cycles of: 

deprotecting the N-terminal of the ligated peptide 108; 
5 reacting the deprotected peptide with an azido acid to generate a resin-bound peptide 

with an azido acid at its N-terminus 107; and 

reacting the resin-bound azido acid peptide with phosphinothioester 104 with 
hydrolysis and loss of nitrogen to generate resin-bound ligated peptide 108, 
add peptides to a growing chain of peptides. The cycles are continued until the 
10 desired larger peptide or protein is synthesized. 

[00082] In the approach of Fig. 1, reactive (or potentially reactive) side chains or side groups 
of the amino acids of the peptides to be ligated are protected from reaction using appropriate 
protecting groups. After the desired larger peptide or protein is synthesized, the side-chain 
protecting groups are removed (deprotection) using conventional methods and reagents. The 

IS larger peptide or protein is optionally subjected to conditions which facilitate desired folding 
and the peptide or protein product is optionally cleaved from the resin. Note that protein 
folding can also be accomplished after cleavage of the protein from the resin. 
[00083] Peptides formed by conventional solid-state methods typically range in length from 
about 30-50 amino acids, so that a protein of about 300 amino acids in length would require a 

20 about 8-10 addition cycles. 

[00084] Peptide thioesters can arise from conventional solid-phase peptide synthesis (e.g., 
Fmoc-based solid-phase synthesis)(Ihgenito, R.; Bianchi, E.; Fattori, D.; Pessi, A. J. Am. 
Chem. Soc. 1999, 121, 11369-11374; Shin, Y.; Winans, K. A.; Backes, B. J.;Kent, S. B. H.; 
Ellman, J. A- Bertozzi, C. R. J. Am. Chem. Soc. 1999, 727,11684-11689; Swinnen, D.; 
25 Hilvert, D. Org. Lett. 2000, 2,2439-2442) or rDNA technology (Muir et al., 1998; Evans, Jr., 
et al., 1998; Ayers, et al, 2000; Holford et aL, 1998; Cotton et al., 1999; Evans, Jr., 2000). 
Alternatively, peptides can be generated from natural, e.g., as fragments of proteins, or by 
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expression in recombinant systems. These peptides can be derivatized to thioesters using 
conventional reagents and methods. Peptides from whatever source can be derivatized (at 
their N-tenninal with azide, for example, by reaction of the a-amino group of a protected 
peptide with CFjSOjN^C Zaloom, L; Roberts, D. C. Org. Chenu 1981, 46, 5173-5176). 
5 Azide groups can also be added to peptide amino groups by conventional reagents and 
methods. 

[00085] Solid support materials, e.g., resin, appropriate for use in organic and aqueous 
solvents as are employed in the ligations of this invention are known in the art and one of 
ordinary skill in the art can readily select support materials that are compatible with the 

10 synthetic steps to be performed Of particular interest are the use of safety-catch linkers to 
resins for the synthesis of peptides which can thereafter be ligated using the methods of this 
invention. Native chemical ligation has been implemented using a safety -catch linker. See: 
Brik, A.; Keinan E.; Dawson, P.E.; J. Org. Chem. 2000 (Jun) 16:65(12):3829-3835. Scheme 
10 illustrates the synthesis of a peptide by conventional methods on a safety-catch resin and 

15 release of the pepetide using a phosphinothiol reagent of this invention. 

[00086] One of ordinary skill in the art can readily synthesize resin-bound peptides by 
conventional methods that are compatible with the ligation steps of this invention. In a 
specific embodiment, peptide can be linked to a resin for solid phase synthesis via a 
photolabile linkage group. Such as group is cleaved by irradiation at an appropriate 
20 wavelength. 

[00087] A variety of side-group protecting groups useful in the method of this invention are 
known in the art and can be readily selected for given reaction conditions. Methods for side- 
chain deprotection and cleavage of peptides and proteins from resins without substantial 
detriment to the product peptides or proteins are known in the art. Azide-substituted amino 
25 acids are readily available from commercial sources or from application of routine methods 
that are well known in the art 
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Scheme 10 
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[00088] Reactants and reagents employed in the methods of this invention are readily 
available either from commercial sources or can be prepared using methods that are well- 
known in the art in view of the description herein. For example, azido glycosides (e.g., azido 
mannose) and azido nucleosides (e.g., AZT) can be prepared by methods know in the ait 
Thioesters of various biologically interesting molecules are also readily accessible by well- 
known methods. Phosphinothioesters are prepared by methods illustrated herein or art- 
known methods and can, in particular, by synthesized by transthioesterification or coupling 
reactions. Exemplary methods are provided in the examples. Azido acids are readily 
accessible (Zaloom, J.; et al., 1981) and can be used in solid-phase synthesis (Meldal, M.; 
Juliano, M. A.; Jansson, A. M. Tetrahedron Lett 1997, 38, 2531-2534). Thioesters of 
various biologically interesting molecules, such as sialic acid or certain lipids, are also readily 
accessibly by known methods. 

[00089] Ligation methods of this invention of this invention employing phosphinothiol 20 
are particularly useful to enable facile protein synthesis. 

[00090] Further, the ligation method of this invention is orthogonal to native chemical 
ligation (as well as other effective coupling strategies, Tarn, J. P.; Lu, Y. A.; Chuan-Fa, L.; 
Shao, J. Proa Natl Acad. Sci. U.SA. 1995, 92, 12485-12489; Tarn, J. P.; Yu, Q.; Miao, Z. 
Biopofymers 2000, 51 , 31 1-332), and hence expands the scope of protein synthesis. 
Moreover, both coupling reactions can be performed on unprotected peptides in the presence 
ofH^O. 

[00091] Scheme 1 1 depicts the simplest proteins that are accessible by native chemical 
ligation alone, the Staudinger ligation alone, and a sequential combination of the two 
methods. The use of thiol- or azide-protecting groups can extend the versatility of these 
methods even further. 
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Scheme 11 
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[00092] The ligation method of this invention can also be used in general to intercept natural 
thioester intermediates in biosynthetic pathways. A number of biosynthetic pathways proceed 
via the elaboration of thioester intermediates. (For recent reviews, see: Katz, L Chem. Rev. 
1991, 97, 2557-2575; Khosla, C. Chem. Rev. 1997, 97, 2577-2590; Marahiel, MA.; 
Stachelhaus, T.; Mootz, ELD. Chem. Rev. 1997, 97, 2651-2673; von Dohren, H; Keller, U.; 
Vater, J.; Zocher, R Chem. Rev. 1997, 97, 2675-2705; Cane, !>£.; Walsch, C.T.; Khosla, C. 
Science 1998, 282, 63-68; Konz, D.; Marahiel, NLA. Chem Biol. 1999, 6, R39-R48; 
Keating, T.A; Walsch, C.T. Curr. OpimChem Biol 1999,. 3, 598-606.) 



[00093] For example, both the biosynthesis of polyketides and the nonribosomal 
biosynthesis of proteins proceed by thioester intermediates. Interception of these 
intermediates with a phosphinothiol allows for ligation to an azide forming an amide bond. 
Significantly, ligation of a biosynthetic library ofthioesters with a chemical library of azides 
is a facile means to increase molecular diversity. Chemical libraries formed using the ligation 
method of this invention can be screened for biological function by a variety of methods 
known in the art 



38 



WO 01/87920 



PCT/DS01/15440 



[00094] As exemplified in Fig. 1, the ligation methods of this invention can be implemented 
in solid phase synthesis. Either the thioester or the azide reactants in the ligation can be 
bound to a solid surface or support material. The use of solid phase methods is particular 
beneficial for the synthesis of peptides by repeated cycles of the ligation of this invention. 
The use of solid phase methods is also beneficial for the ligation of two or more peptides or 
proteins to make larger peptides, or proteins. Reaction of a bound thioester with the 
phosphinothiol reagent and unbound azide or a bound azide with an unbound thioester and 
the phosphinothiol reagent will result in a bound ligation product Conventional methods for 
attaching various species to a solid surface or support material can be used to attach either 
thioester reactants or azide reactant to such materials. 

[00095] The ligation of the phosphinothiol and azide of this invention is preferably 
conducted in a mixed organic/aqueous solvent, such as mixtures of THF and water. Water 
participates in hydrolysis of the amidophosphonium salt to produce the desired amide. THF 
or other organic solvent (e.g., methylene chloride, DMF) is included to solubilize the 
phosphinothiol reagent or the reactants. Thus, the amount of water present in the solvent 
must be sufficient to effect desired hydrolysis. With phosphinothiol reagents that are 
sufficiently water soluble the ligation can be preformed in aqueous solvent. 

[00096] Those of ordinary skill in the art in view of the description herein will appreciate 
that the specific reaction conditions (e.g., solvent, reaction temperature and reaction time) 
employed for ligation may vary dependent upon the specific reagents (e.g., phosphinothiol), 
reactants and products (e.g., amino acids, peptides or proteins) of a given reaction. Reaction 
conditions can be readily optimized by methods understoo d in the art 

[00097] Reactions employing phosphinothiol 2 were at one time carried out by acidifying 
(with HC1) prior to product purification. It is believed that it is not necessary to add acid to 
the reaction mixture to obtain the desired amide product, at least when phosphinothiol 20 is 
employed. Acidification of the reaction mixture may, however, affect product yields. 
Hydrolysis may also be facilitated in appropriate cases by addition of base to the reaction 
mixture. 
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[00098] Products of the ligation methods of this invention are purified by conventional 
methods that ate well-known in the art Any of a wide variety of methods for peptide and 
protein purification can be employed in combination with the methods of this invention. 

[00099] A process based on the ligation of thioesters and azides is a valuable source of 
proteins for both basic research and drug discovery. Methods of this invention can be used as 
a reliable route to homogeneous, correctly folded proteins with potent biological activity. 
The user of this invention can apply tools of synthetic and medicinal chemistry to make and 
improve protein reagents and protein therapeutics. 

[000100] The following examples are intended to further illustrate the invention and are in 
no way intended to limit the invention. 
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EXAMPLES 

General Experimental 

[000101] Chemicals and solvents were purchased from Aldrich® with the exception of N- 
methylmercaptoacetamide (Fluka®), bromoacetyl bromide (Acros®), and Merrifield resins 
5 (Novabiochem®). Merrifield resins (chloromethyipolystyreneKhvinylbenzaie) used were 
200-400 mesh (substitution 0.63 mmol/g) and 70-90 mesh (1.26 mmol/g). Reactions were 
monitored by thin layer chromatography using Whatman® TLC plates (AL SIL G/UV) and 
visualized by UV or NMR spectra were obtained using Bruker AC-300 or Varian UNITY- 
500 spectrometers. Phosphorus-31 NMR spectra were proton-decoupled and referenced 
10 against an external standard of deuterated phosphoric acid Mass spectra were obtained using 
electrospray ionization (ESI) techniques at the University of Wisconsin Biotechnology 
Center. 

EXAMPLE 1: 

Thioesters 1 (where R is H or Bn) (Referring to Scheme 7) 

15 [000102] An N-acetyl amino acid (tf-acetyl glycine or N-acetyl phenylalanine) and one 
equivalent of JV-methylmercaptoacetamide (NMA) were charged to a flame-dried reaction 
vessel under an argon atmosphere and dissolved in dry DMF (N JST-dimethylformamide) to a 
final concentration of 0.5-0.7 M. DCC (chcyclohexylcarbodiimide, 1.1 equivalents) was 
added and the mixture was stirred at room temperature for 10-12 h. The DCU 

20 (chcyclohexylurea) by-product was filtered off and solvent was removed under reduced 

pressure. Products were recrystallized from CH 2 C1 2 and hexanes. Thioester 1 R = H) was 
obtained in a 90% yield and tbioester 1 ® = Bn) was obtained in a 92% yield Thioester 1® 
= H) : *H NMR (DMSO-dg, 1:1, 300 MHz) 8 8.62 (t, J=6 Hz, 1 H), 8.05 (bs, 1 H), 4.00 (d, 
J=6 Hz, 2 H), 3.56 (s, 2 H), 2.59 (d, J=4.5 Hz, 3 H), 1 .93 (s, 3 H) ppm; 13 C NMR (DMSO-d* 

25 75 MHz) 8 197.95, 170.07, 167.13, 48.54, 31.81, 25.84, 22.26 ppm; MS (ESI) m/z 204.25 
(M* = 204.9, fragments at 105.9, 100.0, 72.0). Thioester 1 ® = Bn). *H NMR 
(CDCl 3 :CD 3 OD, 1 :1, 500 MHz) 8 730-7.27 (m, 2 H), 7.24-7.19 (m, 3 H), 4.79 (dd, J=10, 5 
Hz, 1 H), 3.57 (apparent 1, J=15 Hz, 2 H), 3.24 (ABX, J-14, 5 Hz, 1 H), 2.91 (ABX, J=14, 10 
Hz, 1 H), 2.76 (s, 3 H), 1.95 (s, 3 H) ppm; D C NMR (CDC1 3 :CD 3 0D, 1:1, 125 MHz) 8 
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200.26, 172.83, 169.92, 136.93, 129.47, 128.98, 127.40, 61.24, 37.73, 32.72, 26.72, 22.40 
ppm; MS (ESI) mh 294.37 (MH* - 295.0 fragments at 190.0, 162.2, 120.2). 

2-Phosphinobenzenethiol (2) 

[000103] Compound 2 (o-was prepared by the method of Block, R; Ofori-Okai, G.; Zubieta, 
5 J.J.Am. Chem. Soc 1989, 111, 2327-2329 and NMR data ( ! H and 31 P) correlated with their 
published data. Additional spectral data. 13 C NMR (CDC1 3 , 125 MHz) 8 137.71 (d, J=30 
Hz), 135.93 (d, J=8.75 Hz), 135.35 (d, J=9J5 Hz), 133.98, 133.83, 130.45, 129.25, 129.00, 
128.67 (d, J-6.75 Hz), 125.92 ppm; MS (EST) m/z 294.35 (MH* - 295.0). 

Thioesters 3 (R=H or Bn) 

10 [000104] Method A (transthioesterifi cation). Compound 1 (1 equivalent) and compound 
2 (10 equivalents) were charged to a flame-dried reaction vessel under an argon atmosphere 
and dissolved in dry DMF (0.25 M). Dry argon was bubbled through the mixture and 
diisopropylethylamine (DIEA, 5 equivalents) was added. The mixture was stirred for 12 h 
after which another 5 equivalents of DIEA were added. Merrifield resin (Both high and low 

1 5 loading capacity were used on different occasions) having a loading capacity at least 

equivalent to the molar amount of compound 2 was added to the mixture to remove excess 
phosphinobenzenethiol and tf-methylmercaptoacetamide. This mixture was stirred for an 
additional 12 h under argon and the resin was filtered off. Solvent was removed under 
reduced pressure, the residue was taken up in CH 2 CL, and die insoluble DIEA salts were 

20 filtered off. Solvent was again removed and the residue was used in the subsequent coupling 
reaction without further purification. The reaction proceeded in quantitative yield, as judged 
byTLC. 

[000105] Method B (DCC coupling). Compound 1 R = H or R = Bn) (1 equivalent) and 
compound 2 (1 equivalent) were added to a flame-dried reaction vessel under an argon 
25 atmosphere. DCC (1.1 equivalents) was added and the reaction was stirred for 12 h. The 
DCU by-product was filtered off and solvent was removed under reduced pressure. 
Compounds 3 ® = H or R = Bn) were purified by chromatography (silica gel, ethyl 
acetate:hexanes 1:1 followed by 100% ethyl acetate). Compound 3 R = H) was obtained in 
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61% yield and compound 3 R = Bn) was obtained in 52% yield. Thioester 3 (R=H). 'H 
NMR (CDCl,, 500 MHz) 6 7.48 (ddd, J-5.5, 4, 1.5 Hz, 1 H), 7.41 (td, J=7.5, 1.5 Hz, 1 H), 
7.37-7.32 (m, 7 H), 7.28-7.24 (m, 4 H), 6.92 (ddd, J=^7.5, 3, 1.5 Hz, 1 H), 5.86 (bs, 1 HO, 4.07 
(d, J=6 Hz), 2 H), 2.02 (s, 3 H) ppm; U C NMR (CDCl,, 125 MHz) 8 194.83, 170.63, 144.04, 
5 138.00, 136.68 (d, J=10.75 Hz), 134.84, 134.69, 130.95, 130.30, 129.68, 12934 (d, J=6.88 
Hz), 49.78, 23.69 ppm; 31 P NMR (CDClj, 202 Hz) -9.91 ppm; MS (ESI) m/z 393.44 (MET - 
394.2, fragments at 295.2, 225.2). Thioester 3 (R=Bn). l H NMR (CDC1 3 , 500 MHz) 5 7.44 
(ddd, J=7.5, 4, 1.5 Hz, 1 H), 7.40 (to, J=<7.5, 1.5 Hz, 1 H), 7.36-.31 (m, 7 H), 7.28-7.21 (m, 7 
H), 7.12-7.10 (m, 2 H), 6.89 (ddd, J=8, 3, 1 Hz, 1 H), 5.63 (d, J=13.5 Hz, 1 H), 4.92 (m, 1 H), 
10 2.95 (ABX, J=14.5, 5.5 Hz, 1 H), 2.64 (ABX, J-14, 8 Hz, 1 H), 1.91 (s, 3 H) ppm; U C NMR 
(CDCl* 125 MHz) 8 197.47, 170.43, 137.94, 136.40, 134.83, 134.75, 134.67, 134.58, 130.79, 
130.30, 129.94, 129.64 (d, J=5.9 Hz), 129.33, 127.77, 60.29, 38.24, 23.79 ppm; 31 P NMR 
(CDCI3, 202 Hz) -10.33 ppm; MS (ESI) m/z 483.56 (MH* - 484.2, fragment at 295.2). 

Azide4 

15 [000106] Benzyl amine (20.4 mL, 186 mmol) and methylene chloride (186 mL) were added 
to a flame-dried reaction vessel under an argon atmosphere and the solution was cooled to 
0°C in an ice bam. Bromoacetyl bromide (8.1 mL, 93 mmol) was added drop wise to the 
solution. The HBr salt of benzyl amine precipitated from solution almost immediately. The 
reaction was wanned to room temperature and stirred for 1 h. The benzyl amine sat was 

20 filtered off and the organic phase was washed twice with 2 N HQ (75 mL). The organic layer 
was dried over anhydrous magnesium sulfate, filtered, and solvent was removed under 
reduced pressure. The resulting white solid was dissolved in THF (200 mL) and water (50 
mL). Sodium azide (30.3 g, 466 mmol) was added and the mixture was stirred vigorously at 
reflux for 17 h. The organic layer was men separated from the aqueous layer, washed twice 

25 with saturated brine solution (75 mL), dried over anhydrous magnesium sulfate and filtered, 
and solvent was removed under reduced pressure. Azide 6 was isolated in 98% yield and was 
used without further purification. Spectral data. 'H NMR (CDC1 3 , 300 MHz) 8 7.39-7.27 
(m, 5 H), 6.71 (bs, 1 H), 4.47 (d, J=5.7 Hz), 4.00 (s, 2 H) ppm; a C NMR (CDCI3, 125 MHz) 
8 166.66, 137.39, 128.43, 127.45, 127.35, 52.06, 43.08 ppm; MS (ESI) m/z 19020 (MH + = 

30 191 .0, fragment at 912). 
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Amides 5 R =H or Bn) 

[000107] Thioesters 3 R = H or Bn) (1 equivalent) and azide 6 (1 equivalent) were dissolved 
in THF:H 2 0 (3 : 1) to a concentration of 0.2 ML A yellow color, presumably from liberated 
thiolate, formed quickly. The mixture was stirred at room temperature for 12-16 h and was 
5 then acidified with 2 N HQ until the yellow color became clear. Solvent was removed under 
reduced pressure and the amide products were separated from the phosphine oxide by- 
products (also characterized spectrally, data no shown) by chromatography (silica gel, 2.5- 
10% methanol in methylene chloride). Purification frequently required multiple columns. 
Yields for amides 7 and 8 ranged from 15 to 40%. Amide5R = H). *HNMR 

10 (CDCL 2 :CD 3 OD, 1:1, 500 MHz) 8 7.33-7.22 (M, 5 H), 4.41 (s, 2 H), 3.92 (s, 2 H), 3.86 (s, 2 
H), 2.01 (s, 3 H) ppm; U C NMR (CDC^O^OD, 1:1, 125 MHz) 5 173.56, 171.52, 170.67, 
138.83, 129.04, 218.02, 127.78, 43.70, 43.62, 43.16, 22.45 ppm; MS (ESI) m/z 26329 (MET 
-264.0). Amide5R = Bn). 'H NMR (CDCl 3 :CD 3 OD, 1:1, 500 MHz) 8 7.32-7.19 (m, 10 H), 
4.48 (apparent t, J-7.5 Hz, 1 H), 4.44 (d, J=15 Hz, 1 H), 4.34 (d, J=14.5 Hz, 1 H), 3.95 (d, 

15 J=16.5 Hz, 1 H), 3.71 (d, J=16.5 Hz, 1 H), 3.1 1 (dd, J=13.5, 7 Hz, 1 H), 2.94 (dd, J=14, 8 Hz, 
1 H), 1.88 (s, 3 H) ppm; U C NMR (CDC1 3 :CD 3 0D, 1:1, 125 MHz) 8 173.42, 172.81, 170.34, 
138.61, 137.18, 129.55, 129.01, 128.93, 127.86, 127.68, 127.40, 56.12, 43.53, 43.18, 37.76, 
22.36 ppm; MS (ESI) m/z 353.42 (MNa + =376.2, MH f =354.2 fragments at 165.2, 120.2, 
91.2). 

20 EXAMPLE 2: 

Phosphine oxide 24 (Referring to Scheme 9) 

[000108] Chlorometh>dphosphonic dichloride 23 (20g, 120 mmol) was dissolved in freshly 
distilled THF (240 mL). A solution ofphenyhnagnesium bromide (1.0 M) in THF (240 mL, 
240 mmol) was added dropwise over 1 h_ The resulting mixture was stirred at reflux for 24 h. 

25 The reaction was then quenched by the addition of water (20 mL), and solvent was removed 
under reduced pressure. The residue was taken up in CH 2 C1 2 and washed once with water (50 
mL) and once with brine (50 mL). The organic layer was dried over anhydrous MgS0 4 (s) and 
filtered, and solvent was removed under reduced pressure. The residue was purified by flash 
chromatography (silica gel, 3% methanol in methylene chloride). Phosphine oxide 24 was 

30 isolated as a white solid in 63% yield. Spectral data. J H NMR (CDC1 3 , 500 MHz) 8 7.84- 
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7.79 (m, 4 H), 7.62-7.58 (m, 2 H), 7.54-7.50 (m, 4 H), 4.05 (d, J=7 Hz, 2 H) ppm; U C NMR 
(CDCl* 125 MHz) 5 132.60, 131.51 (d, J=9.6 Hz), 129.64 (d, J=103.9 Hz), 128.72 (d, J=11.6 
Hz), 37.64 (d, J=71.9 Hz) ppm; 3I P NMR (CDC1 3 , 202 Hz) 28.46 ppm; MS (ESI) mk 250.03 
(MET = 251.0, MjH* - 501.2 fragments at 173.0, 143.0, 91.0). 

5 Compound 25 

[000109] Phosphine oxide 24 (18.94 g, 75.6 mmol) was dissolved in 1HF (0.45 L). 
Thioacetic acid (34.3 mL, 480 mmol) was added, and the resulting solution was cooled in an 
ice bath. Ar(g) was bubbled through the reaction mixture for 1 h. Diisopropylethyl amine 
(83.6 mL, 480 mmol) was added dropwise, and the resulting mixture was heated at reflux for 

10 24 h. another aliquot of thioacetic acid was isolated as an orange oil that solidified upon 
standing at room temperature. (35.2 mL, 492 mmol) was then added, followed by triethyl 
amine (60.0 mL, 492 mmol). The reaction mixture was heated at reflux for another 24 h, 
after which solvent was removed under reduced pressure in a well-ventilated hood (stench!). 
The resulting black oil was dissolved in methylene chloride (0.35 L), and this solution was 

15 washed with 2 N HC1 (0.15 L), saturated sodium bicarbonate solution (0.15 L), and brine 
(0.15 L). the organic layer was dried over anhydrous MgS0 4 (s) and filtered. Activated 
charcoal was added to this solution, which was then heated at reflux for 30 min. The 
activated charcoal was removed by filtration, solvent was removed under reduced pressure, 
and the residue was purified by flash chromatography (silica gel, 70& ethyl acetate in 

20 hexanes). The pooled fractions were dissolved in methylene chloride (0.30 L), and the 

treatment with activate charcoal was repeated Upon solvent removal, thioacetate 25 was 
isolated as an orange oil that solidified upon standing at room temperature. The yield for this 
reaction was 85%. Spectral data. 'H NMR (CDQ3, 500 MHz) 6 7.80-7.75 (m, 4 H), 7.56- 
7.52 (m, 2 H), 7.49-7.46 (m, 4 H), 3.77 (d, J=8 Hz, 2 H), 225 (s, 3 H) ppm; U C NMR 

25 (CDCI3, 125 MHz) 8 192.82, 132.11, 131.05 (d, J= 102 Hz), 130.86 (d, J=9.75 Hz), 128.46 
(d, J=12.63 Hz), 29.83, 27.12 (d, J=69.88 Hz) ppm; 3, P NMR (CDC1 3 , 202 MHz) 8 29.14 
ppm; MS (ESI) m/z 290.05 (MH* = 291.0, MjH* = 581.2, fragments at 249.2, 171.0, 125.0). 
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Phosphine 26 

[000110] Thioacetate 25 (18.65 g, 64.2 mmol) was dissolved in anhydrous chloroform (160 
mL). To this solution was added trichloiosilane (97 mL, 963 mmol), and the mixture was 
stirred under Ar(g) for 72 h. Solvent was removed under reduced pressure (note: excess 
5 trichlorosilane in the removed solvent was quenched by slow addition of saturated sodium 
bicarbonate solution in a well-ventilated hood), and the residue was purified by flash 
chromatography (silica gel, 3% methanol in methylene chloride). Phosphine 26 was isolated 
as a white sohd in 98% yield Spectral data. ! H NMR (CDC1 3 , 500 MHz) 6 7.43-7.40 (m, 4 
H), 7.33-7.30 (m, 6 H), 3.50 (d, J=4 Hz, 2 H), 2.23 (s, 3 H) ppm; U C NMR (CDC1 3 , 125 
10 MHz) 5 194.01, 136.42 (d, J=13.6 Hz), 132.28 (d, J=19.4 Hz), 128.69, 128.11 (d, J=6.8 Hz), 
29.83, 25.41 (d, J=23.4Hz) ppm; 31 P NMR (CDClj, 202 MHz) -15.11 ppm; MS (ESI) m/z 
274.06 (MET = 275.0, fragments at 233.0, 199.2, 121.2). 

(Diphenylphosphino)methancthiol (20) 

[0001 1 1] Phosphine 26 (17.27 g, 63.0 mmol) was dissolved in anhydrous methanol (0.40 L), 
15 and Ar(g) was bubbled through the solution for 1 h. Sodium hydroxide (5.04 g, 127 mmol) 
was then added, and the mixture was stirred under argon for 2 h. Solvent was removed under 
reduced pressure, and the residue was dissolved in methylene chloride (0.30 L). The resulting 
solution was washed with 2 N HC1 (2 X 0.10 L) and brine (0.10 L). The organic layer was 
dried ova: MgS0 4 (s) and filtered, and solvent was removed under reduced pressure. The 
20 residue was purified by flash chromatography (alumina, 25% ethyl acetate in hexanes). 

(Diphenylphosphino)methanethiol 2 was isolated as a clear oil in 74% yield. Spectral data. 
'H NMR (CDCl* 300 MHz) 8 7.41-7.38 (m, 4 H), 7.33-7.26 (m, 6 H), 3.02 (d, J=7.8 Hz, 2 
H), 1.38 (t, J=7.5 Hz, 1 H) ppm; 13 C NMR (CDCI3, 75 MHz) 6 132.54 (d, J=17.1 Hz), 128.86, 
128.36, 128.14, 20.60 (d, J=^21.7 Hz) ppm; 31 P NMR (CDC1 3 , 121 MHz) 6 -7.94 ppm; MS 
25 (ESI) m/z 232.05 (MET - 233.0, fragments at 183.0, 155.0, 139.0, 91.2). 

AcPheCH 2 PPh 2 (Table 1) 

Method A (transthioesterification). Phosphinothiol 20 (500 mg, 2.2 mmol) was 
dissolved in dry THF (5 mL). The solution was deoxygenated by bubbling Ai(g) for 0.5 h. 
To this solution was added NaH (5 1 .6 mg, 2.2 mmol). The mixture formed a slurry to which 
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was added DMF (2 mLO to dissolve any precipitate. The N-methyimercapoacetamide (NMA) 
thioester of N-acetyiphenylalanine (63 mg, 022 mmol) was added, and the reaction mixture 
was stirred for 8 h. Unreacted Phosphinothiol 20 was removed by adding Memfield resin 
(1.5 g, 1.26 mmol/g), stirring for 6 h, and removing the resin by filtration. The residue was 
5 purified by flash chromatography (silica gel, 50% ethyl acetate in hexanes). AcPheSCHjPPlh 
was isolated as a white solid in 92% yield. 

Method B (DCC coupling). Compound 20 (500 mg, 2.15 mmol) and N- 
acetyiphenyialanine (446 mg, 2.15 mmol) were dissolved in DMF (15 mL) under Ar(g). 1,3- 
Dicyclohexylcarbodiimide (DCC; 489 mg, 2.37 mmol) was then added, and the reaction 
mixture was stirred for 12 hat room temperature. The 1 ,3-dicyclohexylurea (CU) by-product 
was removed by filtration, solvent was removed under reduced pressure, and the residue was 
purified by chromatography as in Method A. AcPheSCH^Ph^ was isolated as a white solid 
in 84% yield. Spectral data. ! H NMR (CDC1 3 , 300 MHz) 5 7.44-7.39 (m, 4 H), 7.35-7.33 
(m, 6 H), 7.26-7.21 (m, 3 H), 7.11-7.09 (m, 2 H), 6.29 (d, J=8.4 Hz, 1 H), 4.98-4.91 (m, 1 H), 
3.57-3.44 (m, 2 H), 3.09 (dd, J=14.1, 5.4 Hz, 1 H), 2.93 (dd, J=14.1, 7.5 Hz, 1 H), 1.88 (s, 3 
H) ppm; U C NMR (CDC1 3 , 125 MHz) 5 198.901, 169.86, 135.50, 132.62 (d, J=19.4 Hz), 
129.11 (d, J-9.8 Hz) 128.79 (d, J=35.9 Hz), 128.50, 128.45, 126.99, 59.56, 37.99, 25.61 (d, 
J=24.4 Hz), 22.88 ppm; 31 P NMR (CDC1 3 , 121 MHz -44.55 ppm. 

AcGlyCH 2 PPh 2 (Table 1) 
20 [000112] Method A. Phosphinothiol 20 (500 mg, 22 mmol) was dissolved in 5 mL of dry 
THF. The solution was deoxygenated by bubbling Ar(g) for 0.5 h. To this solution was 
added NaH (5 1 .6 mg, 2.2 mmol). The mixture formed a slurry to which was added DMF (2 
mL) to dissolve any precipitate. Hie NMA thioester of N-acetylglycine (44 mg, 0.22 mmol) 
was added, and the reaction mixture was stirred for 8 h. Unreacted phosphinothiol 20 was 
25 removed by adding Memfield resin (1 .5 g, 1 .26 mmol/g), stirring for 6 h, and removing the 
resin by filtration. The residue was purified by flash chromatography (silica gel, 50% ethyl 
acetate in hexanes). AcGlyCb^PPb^ was isolated as a white solid in 91% yield 
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[0001 13] Method B. Phosphinothiol 20 (100 mg, 0.43 mmol) and N-acetylglycine (55 mg, 
0.47 mmol) were dissolved in DMF (3 mL) under Ar(g). DCC (98 mg, 0.47 mmol) was 
added, and the mixture was stirred for 12 h at room temperature. The DCU by-product was 
removed by filtration, solvent was removed under reduced pressure, and the residue was 
5 purified by chromatography as in Method A. AcGfyCE^PPhj was isolated as a white solid in 
67% yield. Spectral data. *H NMR (CDCI3, 300 MHz) S 7.46-7.39 (m, 4 H), 7.38-7.36 (m, 
6 H), 6.44 (bs, 1 H), 4.15 (d, J=5/7 Hz, 2 H), 3.53 (d, J=3.6 Hz, 2 H), 2.02 (s,3H) ppm; 13 C 
NMR (CDCI3, 75 MHz) 8 196.13, 170.29, 136.45 (d, J=13.6 HZ), 132.62 (d, J=19.1 Hz), 
129.17, 128.54 (d, J=6.7 Hz), 48.98, 25.29 (d, J-24.2 Hz), 22.84 ppm; 31 P NMR (CDC1 3 , 121 
10 MHz) 6 -1520 ppm; MS (ESI) mh 331.08 (MET - 332.2, MK* - 370.0). 

AcGlyNHBn (Table 1) 

[000114] Thioester AcSCHjPPhj (271 mg, 0.99 mmol) and azide N 2 GlyNHBn (187 mg, 0.99 
mmol) were dissolved in THF/H 2 0 (3:1, 9.4 mL), and the mixture was stirred at room 
temperature for 12 h. Solvent was removed under reduced pressure, and the residue was 
1 5 purified by flash chromatography (silica gel, 5% methanol in methylene chloride). 
AcGlyNHBn was obtained as a white solid in 91% yield. Spectral data. ! HNMR 
(CDC1 3 :CD30D, 1:1, 125 MHz) 5 171.76, 169.37, 137.49, 127.83, 126.77, 126.59, 42.50, 
42.09, 21.32 ppm; MS (ESI) m/z 206.1 1 (MH* - 207.0). 

[0001 15] Experimental and spectral information for the other amide products and for the 
20 NMA thioesters can be found in the Supporting Information of Nilsson, BX.; Kiessling, 

UL; Raines, R.T. Org. Lett. 2000, 2, 1939-1941 which is incorporated by reference herein its 
entirety. 

EXAMPLE 3: Synthesis of a peptide phosphinothioester using a safety-catch resin 

[000116] Peptide synthesis and activation. 4-SulfamylbutyryI AM resin (Novabiochem 01- 
25 64-0152) was loaded with FmocGlyOH according to the method of Backes and EUman 

(Backes, B. J.; Ellman, J. A. J. Org. Chent 1999, 64, 2322-2330). Peptide chain elongation 
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with Glu(fBu) and Cys(Trt) was performed using standard PyBOP/HOBt coupling 
procedures. 

[000117] Activation of resin. Approximately 1 g of resin (0.477 mmol of peptide) was 
preswollen in CH 2 Q 2 for 1 h and then drained Iodoacetonitrile (1.8 mL, 25 mmol), 
diisopropyi-ethyiamine (DIPEA, 1.7 mL, 10 mmol), and l-methyi-2-pyirolidinone (NMP, 40 
mL) were mixed and filtered through a plug of basic alumina and subsequently added to the 
resin. The resin was agitated by bubbling Ar(g) at room temperature for 18 h The resin was 
then washed with NMP (5 x 10mL),DMF (5 x lOmL), andCHjC^ (5 x lOmL). The resin 
was then immediately used in the subsequent step. 

[0001 18] Peptide phosphinothioester release from resin. (Diphenylphospino)methanethiol 
(0.88 g, 3.8 mmol) in 20 mL DMF was added to the activated safety-catch resin. The mixture 
was agitated for 1 8 h by bubb ling Ar(g) . The resin was then filtered and washed with DMF (5 
x 10 mL) and CHjC^ (5 x 10 mL). The eluate was collected and solvent was removed under 
reduced pressure. The residue was purified by chromatography (silica gel, 30% EtOAc in 
hexanes) to give 285 mg (0.27 mmol) of FmocC^CT^Glu^B^GlySCH^Phi as a white 
solid Based on an Fmoc-loading assay for the activated peptide, this represents a 57% yield 
of the desired peptide phosphinothioester. 

[0001 19] Those of ordinary skill in the art will appreciate that methods, reagents, reactants, 
reaction conditions (e.g., solvents, temperature reaction time) and purification methods other 
than those specifically disclosed herein can be employed in the practice of this invention 
without undue experimentation. All art-known functional equivalents of methods, reagents, 
reactants, reaction conditions and purification methods specifically disclosed or described 
herein are incorporated by reference herein in their entirety as if each were individually 
incorporated by reference. 
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CLAIMS 

I . A method for forming an amide bond which comprises the step of reacting a 
phosphinothioester with an azdde followed by hydrolysis of combined reactants to 
form an amide bond. 

5 2. The method claim 1 wherein the phosphinothioester is formed by reaction of a 
activated carboxylic acid derivative with a phosphinothiol. 

3. The method of claim 1 wherein the reaction is carried out in the presence of sufficient 
water to facilitate hydrolysis. 

4. The method of claim 1 wherein the reaction is carried out in an aqueous organic 
10 medium. 

5. The method of claim 4 wherein the reaction is carried out in a mixture of THF and 
water. 

6. The method of claim 2 wherein the phosphinothiol is o-(diphenylphosphino)- 
benzenethiol 

15 7. The method of claim 2 wherein the phosphinothiol is (diphenylphosphino)- 
methanethioL 

8. The method of claim 1 wherein a peptide is formed. 

9. The method of claim 1 wherein a protein is formed. 

1 0. The method of claim 1 wherein the phosphinothioester is a phosphinothioester of an 
20 amino acid, peptide or protein. 

II. The method of claim 1 wherein the azdde is an azide of an amino acid, peptide or 
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protein. 

12. The method of claim 1 wherein at least one of the phosphinothioester or the azide is a 
phosphinothioester or an azide of a p-amino acid. 

13. The method of claim 1 wherein at least one of the phosphinothioester or the azide is a 
phosphinothioester or an azide of an amino acid having an electrophilic side group. 

14. The method of claim 1 wherein the phosphinothiol has the formula: 

R4 

R3\T^(CR 5 R6)rf^(CR 7 R8) m SH 

|j 

R 1 R 2 

where: 

n and m are 0 or integers equal to 1-3, inclusive, andn + m = 0-4, inclusive; 
the dashed line indicates that a double bond may be present or that the bond may be 
part of an aromatic group (R^ and Rg are not present if there is a double bond 
between the carbons or the bond is a part of an aromatic ring, as indicated); 

R t and R 2 are groups independently selected from aliphatic, alicyclic, heteroalicyclic, 
aromatic, or heteroaromatic groups which are optionally substituted, for example, 
with halides (particularly F or CI), OH, OR, COH, COR, COOH, COOR, or N(R') 2 
groups where R, independent of other R, is an aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic group and each R', independent of other R' are hydrogen, 
aliphatic, alicychc, heteroalicyclic, aromatic or heteroaromatic groups, R and R' can, 
in turn, be optionally substituted as listed above forR! andR 2 ; inRj and R^ one or 
more non-neigjiboring CH 2 groups can be replaced with O, S, CO, COO, or CONR'; 
and 

R 3 -Rs, independently, are selected from hydrogens, aliphatic, alicyclic, heteroalicyclic, 
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aromatic or heteroaromatic groups which can be optionally substituted as listed above 
for R, and in R3-R3 one or more non-neighboring CHg groups can be replaced with 
O, S, CO, COO, or CONR' groups where each R', independent of other R' are 
hydrogen, aliphatic, alicyclic or aromatic groups which are optionally substituted as 
listed above for Rj and Ra, and where R { and R^ can be covalently linked to form a 
cyclic group, including a bicyclic group or two or more of R 3 -Rg can be covalently 
linked to form a cyclic group, including a bicyclic group. 

15. The method of claim 14 wherein the phosphinothiol has the formula: 



P- ? -SH 



where: 



R, and R% » independently, are groups selected from aliphatic, alicyclic, 
heteroalicyclic, aromatic, or hetero aromatic groups which are optionally 
substituted, for example, with halides (particularly F or CI), OH, OR, COH, 
COR, COOH, COOR, or N(R'>2 groups where R, independent of other R, is an 
aliphatic, alicyclic, heteroalicyclic, aromatic or heteroaromatic group and each 
R', independent of other R' are hydrogen, aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic groups, R and R' can, in turn, be optionally 
substituted as listed above for R x and in R x and R^, one or more non- 
neighboring CHj groins can be replaced with O, S, CO, COO, or CONR'; and 



R3-R3, independently, are groups selected from hydrogens, aliphatic, alicyclic, 
heteroalicyclic, aromatic or heteroaromatic groups which can be optionally 
substituted as listed above for R x and R^ in R3-R3 one or more non- 
neighboring CH 2 groins can be replaced with O, S, CO, COO, or CONR' 
groups where each R', independent of other R' are hydrogen, aliphatic, 
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alicyclic or aromatic groups which are optionally substituted as listed above 
forRj andR^ and where R x and can be covalently linked to form a cyclic 
group, including a bicyclic group or two or more of R 3 -Rs can be covalently 
linked to form a cyclic group, including a bicyclic group. 



1 6. The method of claim 1 5 wherein in the phosphinothiol, R3 and R4 are both hydrogens 
and R, and are selected from the group of a phenyl group or a substituted phenyl 



17. The method of claim 15 wherein the R t and R? groups of the phosphinothiol are n- 
butyl groups. 

18. The method of claim 14 wherein the R, and R^ groups of the phosphinothiol are 
polyethers. 

19. The method of claim 18 wherein at least one of the R, and Rj groups of the 
phosphinothiol have the formula: 



where p is 0 or an integer ranging from 1 to about 1 0, inclusive, and R is hydrogen or 
an alkyl group. 

20. The method of claim 14 wherein the phosphinothiol has the formula: 



where n and m are 0 or 1 and X r Xi are substituents on the aromatic group, two of 



group. 
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which may be covalently linked to fonn an alicyclic or aromatic ring, XjOQ can be 
aliphatic, alicyclic or aromatic groups or can be hafide, OH, OR , COR, COOH, 
COOR where R is aliphatic, alicyclic or aromatic, or N(R')2 groups where each R', 
independent of other R', are hydrogen, aliphatic, alicyclic or aromatic groups R all of 
which may be optionally substituted 

21 . Th method of claim 20 wherein R x and R? are phenyl or substituted phenyl groups. 

22. The method of claim 21 wherein Rj and R 2 are phenyl groups substituted with 
electron donating groups or electron withdrawing groups. 

23. A method for synthesis of a peptide or protein wherein at least one of the amide bonds 
of the peptide or protein is formed by the method of claim 1. 

24. The method of claim 23 wherein two peptides formed by conventional solid phase 
synthesis are ligated by formation of the amide bond. 

25. The method of claim 23 wherein two peptides or proteins formed by recombinant 
DNA expression methods are ligated by formation of the amide bond. 

26. The method of claim 23 wherein a peptide or protein formed by conventional solid 
phase methods is ligated to a peptide or protein formed by recombinant DNA 
expression methods by formation of the amide bonds. 

27. The method of claim 23 wherein a peptide is formed by a sequential series of ligations 
forming amide bonds between amino acids. 

28. A method for labeling a peptide or protein with a reporter molecule which comprises 
the ligation step of claim 1. 
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A phosphinothiol reagent having the formula: 



R 3 




R4 



^(CR 5 R6)ri^(CR 7 R8)m SH 



R 2 



where: 

n and m are 0 or integers equal to 1-3, inclusive, and n + m = 0- 4, inclusive; 
the dashed line indicates that a double bond may be present or that the bond may be 
part of an aromatic group (R^ and R« are not present if there is a double bond 
between the carbons or the bond is a part of an aromatic ring, as indicated); 

R, and are groups independently selected from aliphatic, alicyclic, heteroalicyclic, 
aromatic, or heteroaromatic groups which are optionally substituted, for example, 
with halides (particularly F or CI), OH, OR, COH, COR, COOH, COOR, or N(R') 2 
groups where R, independent of other R, is an aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic group and each R', independent of other R' are hydrogen, 
aliphatic, alicyclic, heteroalicyclic, aromatic or heteroaromatic groups, R and R' can, 
in turn, be optionally substituted as listed above for Ri and inRj andR^ one or 
more non-nrighboring CE^ groups can be replaced with O, S, CO, COO, or CONR'; 
and 

R 3 -R«, independently, are selected from hydrogens, aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic groups which can be optionally substituted as listed above 
for R, and R^ in R 3 -R« one or more non-neighboring CH 2 groups can be replaced with 
O, S, CO, COO, or CONR' groups where each R', independent of other R' are 
hydrogen, aliphatic, alicyclic or aromatic groups which are optionally substituted as 
listed above for R, and R^ and two or more of R3-R8 can be covalently linked to form 
a cyclic group, including a bicyclic group. 
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30. The method of claim 29 wherein the phosphinothiol has the formula: 



R v r 

P-f-SH 
R2 R 4 



where: 



Rj and R^ , independently, are groups selected from aliphatic, alicyclic, 
heteroalicyclic, aromatic, or heteroaromatic groups which are optionally 
substituted, for example, with halides (particularly F or CI), OH, OR, COH, 
COR, COOH, COOR, or NflR'^ groups where R, independent of other R, is an 
aliphatic, alicyclic, heteroalicyclic, aromatic or heteroaromatic group and each 
R', independent of other R' are hydrogen, aliphatic, alicyclic, heteroalicyclic, 
aromatic or heteroaromatic groups, R and R' can, in turn, be optionally 
substituted as listed above for R, and R^; inR! and R^ one or more non- 
neighboring CH 2 groups can be replaced with O, S, CO, COO, or CONR'; and 



Ra-Rg, independently, are groups selected from hydrogens, aliphatic, alicyclic, 
heteroalicyclic, aromatic or heteroaromatic groups which can be optionally 
substituted as listed above for R, and in R 3 -R 8 one or more non- 
neighboring CH 2 groups can be replaced with O, S, CO, COO, or CONR' 
groups where each R', independent of other R' are hydrogen, aliphatic, 
alicyclic or aromatic groups which are optionally substituted as listed above 
forR, and R^ and R { and R^ or two or more of R 3 -Rg can be covalently linked 
to form a cyclic group, including a bicyclic group. 



3 1 . The reagent of claim 30 wherein in the phosphinothiol, R> and are both hydrogens 
and Rj and R^ are selected from die group of a phenyl group or a substituted phenyl 
group. 
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32. The reagent of claim 30 wherein the R, and R^ groups of the phosphinothiol are n- 
butyl groups. 

33. The reagent of claim 29 wherein the R, and R^ groups of the phosphinothiol are 
polyethers. 

34. The reagent of claim 29 wherein at least one of the R, and 1^ groups of the 
phosphinothiol comprise a moiety having the formula: 



where p is 0 or an integer ranging from 1 to about 1 0, inclusive, and R is hydrogen or 
an alkyl group. 

35. The reagent of claim 29 wherein the phosphinothiol has the formula: 



where n and m are 0 or 1 and X r X^ are substituents on the aromatic group, two of 
which may be covalently linked to form an alicyclic or aromatic ring, X r X4 can be 
aliphatic, alicyclic or aromatic groups or can be haHde, OH, OR , COR, COOH, 
COOR where R is aliphatic, alicyclic or aromatic, or N(R')2 groups where each R', 
independent of other R', are hydrogen, aliphatic, alicyclic or aromatic groups R all of 
which may be optionally substituted 

36. The reagent of claim 35 wherein R x and are phenyl or substituted phenyl groups. 

37. The reagent of claim 35 wherein R x and R 2 are phenyl groups substituted with 
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election donating groups or electron withdrawing groups. 

38. The reagent of claim 35 wherein n and m are both 0. 

39. The reagent of claim 35 wherein R 3 and are both hydrogens. 

40. The reagent of claim 35 where R t and R 2 are both phenyl groups. 

41 . The reagent of claim 35 where R x and 82 are both n-butyl groups. 

42. The reagent of claim 29 which is (diphenylphosphino)methanethioL 

43 . A kit for forming an amide bond between an activated carboxylic acid derivative and 
an azide which comprises one or more of the phosphinothiol reagents of claim 29. 

44. A kit for synthesis of peptides or proteins which comprises one or more of the 
phosphinothiol reagents of claim 29. 

45. The kit of claim 44 further comprising one or more protective agents for amino acid 
side chains. 

46. The kit of claim 44 further comprising a resin for solid phase synthesis. 

47. The kit of claim 46 wherein the resin is a safety-catch resin. 

48. The kit of claim 46 further comprising a reagent for generating azido peptides. 

49. The kit of claim 47 further comprising a reagent for generating thioesters. 

50. A kit of claim 44 further comprising one or more solvents for conducting the ligation 
and optionally containing instructions for carrying out the ligation. 
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51 . The method claim 1 wherein the phosphinothioester is a phosphinofhioester of a lipid. 

52. The method of claim 51 wherein the azide is an azido peptide or an azido protein. 

53. The method of claim 1 wherein die azide is a nucleoside azide. 

54. The method of claim 53 wherein the phosphinothioester is a phosphinothioester of a 
5 peptide or an azido protein. 

55. The method of claim 1 wherein die amide bond ligates a saccharide to a peptide. 

56. The method of claim 1 wherein the amide bond ligates a lipid to a peptide. 

57. The method of claim 1 wherein the amide bond ligated a nucleoside to a peptide. 

58. The method of claim 1 wherein the amide bond ligates a nucleic acid to a peptide. 
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